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Foreword

This publication, Ground Water and Vadose Zone Monitoring, contains papers pre-
sented at the symposium on Standards Development for Ground Water and Vadose Zone
Monitoring Investigations, which was held on 27-29 Jan. 1988 in Albuquerque, New Mex-
ico. The symposium was sponsored by ASTM Subcommittee D18.21 on Ground Water
Monitoring, a subcommittee of ASTM Committee D-18 on Soil and Rock, and was devel-
oped in cooperation with the U.S. Environmental Protection Agency’s Environmental
Monitoring Systems Laboratory and the U.S. Geological Survey’s Office of Water Data
Coordination. David M. Nielsen, of Blasland, Bouck & Lee, presided as chairman of the
symposium and also served as editor of this publication. In addition, A. Ivan Johnson, of
A. Ivan Johnson, Inc., also served as editor of this publication.
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STP1053-EB/Jan. 1990

Overview

The decade of the 1980s has been a period of explosive growth for the field of ground-
water and vadose-zone monitoring and a time of both great achievement and confusion
for those involved in conducting investigations of ground-water contamination. Passage of
the Resource Conservation and Recovery Act (RCRA) by Congress in 1976 and subse-
quent promulgation of the first of the regulations authorized under RCRA by the U.S.
Environmental Protection Agency (EPA) in May 1980 provided the primary impetus for
the growth of the field. RCRA, which is EPA’s main tool for managing hazardous waste
from generation through disposal, includes provisions for establishing ground-water or
vadose-zone monitoring systems, or both, at all of this country’s hazardous waste treat-
ment, storage, and disposal facilities, which number in the hundreds of thousands. Recent
provisions of RCRA specify similar monitoring systems for each of the country’s solid-
waste facilities (i.e., sanitary landfills), which number in the thousands. Still other provi-
sions of recent Amendments to RCRA (the Hazardous and Solid Waste Amendments of
1986) call for the installation of ground-water or vadose-zone monitoring systems, or both,
at underground storage tank locations, which number in the millions across the country.

Passage of the Comprehensive Environmental Response, Compensation and Liability
Act (CERCLA), better known as Superfund, by Congress in December 1980 addressed the
national threat caused by so-called “uncontrolled” hazardous waste sites, which probably
number in the tens of thousands. Cleanup of these sites requires the installation of moni-
toring devices to investigate the extent of environmental contamination and to monitor
the progress of the cleanup. Ground-water and vadose-zone monitoring is also done under
other environmental regulatory programs, and for a variety of nonregulatory purposes,
creating a tremendous demand for knowledge in this relatively young field.

Like most fields that experience such tremendous surges in growth, the ground-water
and vadose-zone monitoring field, if it can truly be called that, saw prolonged periods of
disorder and disorganization. In the early 1980s, those persons involved in the newly cre-
ated field of ground-water monitoring were cautioned that they had to learn from the mis-
takes that scientists conducting surface-water monitoring programs had made in the 1970s.
But the cautions went largely unheeded. Many ground-water quality monitoring investi-
gations were conducted strictly to meet the letter of the law, and many data of poor quality
were produced. No real procedural guidelines or standards were developed for those con-
ducting ground-water monitoring investigations to follow. At the same time, the technol-
ogy for monitoring ground water and the vadose zone was evolving at such a rapid rate
that it was difficult for practitioners to keep up. Clearly there was a need to step back and
take a long, hard look at the direction in which the field was headed.

Many questions had to be answered. How could we address the millions of sites that
now fell under government regulation? Were enough trained and experienced specialists
available to do the work and to evaluate the work that would be done? Could we do the
work that we were being asked to do with existing methods and technologies?

It was soon realized that if practitioners of ground-water monitoring were to establish
credibility for the investigations they were conducting, the state of the art or science had
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2 GROUND WATER AND VADOSE ZONE MONITORING

to be improved through the development of useful, practical guidelines and standards. But
the idea of developing standards for a mostly inexact science (hydrogeology), in which one
commonly has to deal with unexpected conditions (the subsurface) in an exceedingly inho-
mogeneous environment, was by no means without controversy or without its detractors.
Yet, a number of technical fields in which there were similarly difficult and seemingly
insurmountable obstacles to standards development have now adopted the “standards
approach.” The chemical industry or profession, the energy industry, the medical profes-
sion, the computer industry, the biotechnology industry, the petroleum industry, and other
industries have succeeded in improving the state of their art or science through the devel-
opment and use of voluntary consensus standards. Could ground-water monitoring follow
suit?

The answer to this question was initially explored by ASTM through the conduct of a
symposium on Field Methods for Ground-Water Contamination Studies and Their Stan-
dardization, sponsored by ASTM Committee D-18 on Soil and Rock and ASTM Com-
mittee D-19 on Water, in Cocoa Beach, Florida, in February 1986. The papers from that
symposium have been published as Ground-Water Contamination: Field Methods, ASTM
STP 963. Following this symposium, ASTM Subcommittee D18.21 on Ground-Water
Monitoring, a subcommittee of ASTM Committee D-18, was formed to begin the task of
identifying where standards were needed and how they could be developed. Subcommittee
D18.21 is charged with the responsibility of developing standards for methods and mate-
rials used in the conduct of ground-water and vadose-zone investigations. Sections within
the subcommittee have been formed to address a variety of narrower subject areas, includ-
ing (1) surface and borehole geophysics; (2) vadose-zone monitoring; (3) well-drilling and
soil sampling; (4) determination of hydrogeologic parameters; (5) well design and construc-
tion; (6} well maintenance, rehabilitation, and abandonment; (7) ground-water sample col-
lection and handling; (8) design and analysis of hydrogeologic data systems; (9) special
problems of monitoring in karst terrains, and (10) ground-water modeling. With this orga-
nization in place it was then possible to start a concentrated effort to use the ASTM con-
sensus process to develop standards needed to ensure the collection of high-quality data
that are comparable, compatible, and usable, no matter where or by whom collected. In
January 1989 the name of Subcommittee D18.21 was changed to Ground Water and
Vadose Zone Investigations to indicate more properly its broad subsurface coverage and
interest in all types of ground-water investigations, not just monitoring. Although hun-
dreds of existing ASTM standards related to ground-water quantity and quality investi-
gations already are available, and many others are in the draft stage of development by
ASTM Committees D-18 on Soil and Rock, D-19 on Water, and D-34 on Waste Disposal,!
there are many other standards that are needed.

But what are these “standards” that need such serious development for use in ground-
water investigations? If one turns to the definition used by ASTM, a standard is defined as
a “rule for an orderly approach to a specific activity, formulated and applied for the benefit
and with the cooperation of all concerned,” which is essentially what Subcommittee
D18.21 is trying to develop as speedily as possible for each of the many operations that
can be involved in ground-water investigations. However, the effort to develop standards
is by no means meant to discourage new ideas or stifle innovation. Rather, it is an attempt
to bring order to a science that is currently struggling to keep pace with sister disciplines.

The editors believe that there are two key points, illustrated by the ASTM definition,
that make the standards-developing process work for other professions or industries and

! See the Annual Book of ASTM Standards, most recent edition, Vol. 04.08.
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OVERVIEW 3

will make it work for ground-water science. The first is that an orderly approach be devel-
oped. Few people would argue against this being a desirable goal for any endeavor. The
second is that the approach be developed and applied for the benefit and with the coop-
eration of all concerned. In order to make the standards development process work, the
community of professionals in ground-water science must be enlisted—there are now
many hard-working volunteers working many hours and days to develop those standards
needed for ground-water investigations, but additional expert help is needed. In addition
to having more specialists volunteer to work on the ground-water sections and task groups,
potential future standards can be found among scientific methods papers presented by
authors at symposia and, thus, the incentive for organizing symposia is provided.

To provide a bank of information on new methods that may lead to the development of
needed new standards, Subcommittee D18.21 sponsored another symposium in Albu-
querque, New Mexico, in January 1988, on Standards Development for Ground-Water
and Vadose-Zone Monitoring Investigations. The papers contained in this Special Tech-
nical Publication were presented at that symposium and represent a collection of some of
the information being used to develop standards for the rapidly growing and evolving field
of ground-water and vadose-zone monitoring. The intent of the symposium was to foster
interdisciplinary communication and to make available state-of-the-art technology to
those scientists and engineers engaged in ground-water and vadose-zone monitoring, A
side benefit, but an important one, is that some of the papers may be useful in developing
acceptable standards.

The two-and-a-half-day symposium was sponsored by ASTM in cooperation with the
U.S. Environmental Protection Agency’s Environmental Monitoring Systems Laboratory
in Las Vegas, Nevada, and the U.S. Geological Survey’s Office of Water Data Coordina-
tion, in Reston, Virginia. Featured at the meeting were 40 invited presentations by some
of the most noted authorities on the subjects discussed at the meeting. After three peer
reviews and review by the editors, 22 papers were accepted for publication. The topics
covered in this publication include: (1) vadose-zone monitoring, (2) drilling, design, devel-
opment, and rehabilitation of monitoring wells; (3) aquifer hydraulic properties and water-
level data collection; and (4) monitoring well purging and ground-water sampling.

David M. Nielsen
Blasland, Bouck & Lee, Westerville, OH 43081;
symposium chairman and editor.

A. Ivan Johnson
A. Ivan Johnson, Inc., Arvada, CO 80003; editor.
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L. G. Wilson'

Methods for Sampling Fluids in the Vadose
Zone

REFERENCE: Wilson, L. G., “Methods for Sampling Fluids in the Vadose Zone,” Ground
Water and Vadose Zone Monitoring, ASTM STP 1053, D. M. Nielsen and A. 1. Johnson,
Eds., American Society for Testing and Materials, Philadelphia, 1990, pp.7-24.

ABSTRACT: This paper reviews available methods for sampling water-borne pollutants in
the vadose zone. The “standard” method for sampling pore fluids in the vadose zone is core
sampling of vadose zone solids, followed by extraction of pore fluids. The preferred method
for solids sampling is the hollow-stem auger with core samplers. Core sampling does not lend
itself to sampling the same location time and again. Membrane filter samplers and porous
suction samplers are an alternative approach for sampling fluids in both saturated and unsat-
urated regions of the vadose zone. There are three basic porous suction sampler designs: (1)
vacuum-operated suction samplers, (2) pressure-vacuum lysimeters, and (3) high-pressure-
vacuum samplers.

Suction samplers are constructed mainly of ceramic and polytetrafluoroethylene (PTFE).
The effective range of ceramic cups is 0 to 60 cbar of suction. The operating range of PTFE
cups installed with silica flour is 0 to 7 cbar of suction. This paper reviews a method for
extending the sampling range of suction samplers using an injection-recovery procedure. Fac-
tors affecting the operation of porous suction samplers include the physical properties of the
vadose zone, hydraulic conditions, cup-wastewater interactions, and climatic conditions.
Innovative procedures include the water extractor and the filter-tip system sampler. The free-
drainage samplers include pans, blocks, and wick-type samplers. Techniques for sampling
from perched ground-water zones include profile samplers, sampling from cascading wells,
and sampling from dedicated wells.

KEY WORDS: ground water, vadose zone monitoring, soil core sampling, porous suction
samplers, free-drainage samplers, perched ground-water sampling

Until recently, the major emphasis in monitoring programs at waste management sites
was on ground-water sampling. This emphasis ignores the value of vadose zone monitoring
techniques for the early detection of pollutant movement from a waste management unit.
In regions with deep water tables, such as in the southwestern United States, the potential
consequence of ignoring vadose zone monitoring is that the vadose zone and the ground-
water system may become polluted before tangible evidence of leakage is evident in
ground-water samples. Today, federal regulations for hazardous waste land treatment units
(Subtitle C of the Resource Conservation and Recovery Act, Section 264.278 of 40 CFR,
Part 264) mandate vadose zone monitoring. Some states (for example, California) also
require vadose zone monitoring at waste management facilities.

Essentially vadose zone monitoring is a component of a comprehensive monitoring sys-
tem at a given waste management facility. Such a system includes surface liquid and solids
sampling, vadose zone monitoring, and ground-water monitoring. Similarly, there is a

! Hydrologist, Department of Hydrology and Water Resources, University of Arizona, Tucson, AZ
85721.
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8 GROUND WATER AND VADOSE ZONE MONITORING

suite of methods available for vadose zone monitoring systems. Everett, Wilson, and
McMillion { ] reviewed the available methods for premonitoring and active vadose zone
monitoring, including both sampling and nonsampling methods. Both sets of methods are
required since nonsampling technigues establish movement of liquids in the vadose zone
(such as during a leak from an impoundment) and sampling techniques obtain liquid sam-
ples for laboratory analysis. For example, evidence of water content changes by neutron
logging in access wells triggers the need to sample from pore-liquid samplers. Morrison {2],
Everett, Wilson, and Hoylman [3], Rhoades and Oster [4], and Gardner [5] discuss avail-
able nonsampling (indirect) techniques for vadose zone monitoring in detail.

The primary purpose of this paper is to review techniques for extracting liquids from
the vadose zone. Sampling techniques age divided into three groups: solids sampling fol-
lowed by extraction of pore liquids, unsaturated pore-liquid sampling, and saturated pore-
liquid sampling,

Solids Sampling for Pore Liquid Extraction

Solids sampling, followed by laboratory extraction of pore liquids, is the standard
method for characterizing pollutant distribution in the vadose zone. Solids sampling also
provides useful geological information, such as the lithological characteristics of the vadose
zone layers, and the water content distribution. Comprehensive references on solids sam-
pling include a book by Hvorslev {6], the text by Driscoll [ 7], an Environmental Protection
Agency guidance document for ground-water monitoring at RCRA sites [8], and reviews
by Riggs [9], Everett and Wilson [10], and Hackett [1]]. There are two broad categories of
solids sampling methods: hand-operated samplers and power-operated sampling rigs.

Hand-Operated Samplers

Hand-operated samplers are basic sampling units developed by agriculturalists for deter-
mining soil texture, soil water content, soil fertility, and soil salinity. Common units
include tube-type samplers and auger samplers.

The Veihmeyer or King tube is a commonly used tube sampler for obtaining a long
continuous sample near the land surface (see Fig. 1). This sampler consists of a hardened
cutting point and head, threaded into a body tube. The upper end of the body is connected
to a head containing two opposing, protruding lugs. A drop hammer is provided. The oper-
ation of the sampler is illustrated in Fig. 1. Gentle tapping on the head removes the sample.
These samplers are commercially available in lengths from 1.22 m (4 ft) to 1.83 m (6 ft)
{12]. The inside diameter of commercially available samplers is 1.9 cm (% in.).

Other commercial tube-type samplers are available for obtaining larger, 8.9-cm (3%-in.)-
diameter, continuous soil cores {12]. Brass retaining cylinders, slipped into the sampler
barrel, provide undisturbed samples for extraction of pore liquids. Samples are extracted
from inside the drive barrel by means of a pusher rod.

Chong, Khan, and Green [13] described a soil core sampler for obtaining shallow sam-
ples using a hand-operated two-ton jack. Sharma and De Datta [/4] reported a core sam-
pler for obtaining undisturbed samples from the upper 10.2 cm (4 in.) of puddled soils.

Another common hand augering tool is the bucket auger. The basic components of
bucket augers are shown on Fig. 2. Types of bucket augers include the common posthole
auger, ditch augers, and regular or general purpose barrel augers {70]. Variations of the
general purpose auger include sand and mud augers. These samplers are best suited for
sampling shallow soil depths. However, using a tripod and pulley allows sampling to
depths up to 24.4 m (80 ft) in some types of materials.
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WILSON ON METHODS FOR SAMPLING FLUIDS IN THE VADOSE ZONE 9

FI1G. 1—Tube-type sampler, showing the operational procedure [12}.

Power-Operated Sampling Rigs

Power-operated samplers are identical to the units used to sample below water tables.
However, commonly used drill rigs, such as cable tool and rotary units, are not recom-
mended because they generally require drilling fluid. Air drilling is undesirable when
attempting to obtain pore liquids at field moisture content. Two suitable power-driven
techniques are bucket augers and flight-type auger drill rigs.

Bucket augers are large-diameter, that is, 1.83-m (6-ft)-diameter cylindrical buckets with
auger-type cutting blades on the bottom [7]. In practice, the bucket is rotated with depth
in the vadose zone until the bucket is full. Sampling consists of extracting small-diameter
core samples from the interior of the bucket after the full bucket is lowered to the ground.
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10 GROUND WATER AND VADOSE ZONE MONITORING

HANDLE

4 OPEN
END
BUCKET J
| CUTTING
~ BITS

FIG. 2—Bucket-type hand auger [12].

This approach minimizes problems with cross-contamination of samples. Bucket augers
are best suited for sampling from relatively stable formations. Common sampling depths
are between 15.25 m (50 ft) and 45.75 m (150 ft) [7].

Solid and hollow-stem augers are also used for sampling. The most basic, power-driven
flight auger is driven by a small air-cooled engine. Handles attached to the head assembly
allow two operators to guide the continuous-flight auger into the soil. Additional flights are
added as required, Samples are brought to the surface by the screw action of the auger.

Larger solid-stem augers are mounted on drill rigs. Attached to the lowermost, or lead-
ing, flight of augers is a cutter head, about 5 cm (2 in.) larger in diameter than the flights
[7]. Auger diameters are available up to 61 cm (24 in.). Flight lengths are generally 1.52 m
(5 ft). Typical drilling depths range from 15.25 m (50 ft) to 36.6 m (120 ft), depending on
the texture of the vadose zone sediments [7].

The favored method for sampling in unconsolidated material is the hollow-stem, con-
tinuous-flight auger (see Fig. 3). This design simultaneously rotates and axially advances a
hollow-stem auger column. The auger head contains replaceable carbide teeth that pulver-
ize the formation deposits during rotation of the flight column. The solid flight column
serves as a temporary casing while relatively undisturbed samples are obtained from within
the hollow stem [7]. Recently, Hackett [ 7] published an excellent state-of-the-art review
of this technique.

According to the U.S. Environmental Protection Agency (EPA) [8], wells with diameters
up to 10.2 cm (4 in.) have been constructed with hollow-stem augers. In addition, attempts
are under way to construct augers with inside diameters of about 25.4 cm (10 in.). The
cutting diameter is somewhat greater than the flighting diameter because of the protruding
carbide teeth. Individual flights are generally 1.52 m (5 ft) in length, although auger flights
up to 3.05 m (10 ft) in length are available. The total completion depth is about 45.75 m
(150 ft). Water is not added to the hole during augering to avoid diluting and contaminat-
ing pore fluids.

Tubular samplers provide “undisturbed” vadose zone sediments from inside a hollow-
stem auger (s¢e Fig. 3). Three popular tubular samplers are ring-lined barrel samplers, split
tube samplers, and thin-wall “Shelby tube” samplers. These samplers are commercially
available in a variety of diameters. Brass cylindrical rings inserted inside a barrel sampler
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WILSON ON METHODS FOR SAMPLING FLUIDS IN THE VADOSE ZONE 11
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12 GROUND WATER AND VADOSE ZONE MONITORING

protect the samples during shipment to a laboratory. After retrieving the sampler, the sam-
pling technician forces the cylinders out of the sampler, separates the cylinders with a spat-
ula, covers the ends with Teflon sheets and rubber caps, and seals the caps onto the cyl-
inders with electrician’s tape. This technique is particularly important for reducing loss of
volatile organics in the samples.

According to Hackett {17}, continuous-sampling tube samplers are available to permit
sampling as the auger column is rotated and axially advanced. Barrel samplers of 1.53 m
(5 ft) are used. The sampler does not rotate with the augers [11]. According to Riggs [9],
this system overcomes difficulties in sample recovery experienced with standard tech-
niques. The auger teeth and flight continuously relieve overburden stresses and break the
vacuum at the base of the sample at the end of sampling [9]. For additional information
on samplers see Hvorslev [6], Riggs [9], Hackett {11}, and Fenn et al. [15].

Advantages and Disadvantages of Solids Sampling

Solids sampling for extraction of pore fluids is valuable for characterizing depth-related
changes in the composition of pore fluids. A major disadvantage is that core sampling is
basically a destructive technique because additional samples cannot be obtained from the
same location. This precludes taking samples from the same location at later times for
determining trends. Also, as with all techniques for sampling pore liquids, extrapolating
data from a single sampling hole to wider areas is risky because of the natural spatial vari-
ability of vadose zone hydraulic properties.

Cross contamination is an inherent danger when sampling with solid-flight and hollow-
stem augers [1/]. Contaminated solids are transported on the auger flights both upward
and downward in the hole. This problem is largely circumvented when sampling by drive
tube through a hollow-stem auger by discarding the uppermost cylinder. The sample in
this cylinder contains solids originally at the base of the hole, possibly including sediment
brought down during drilling.

Downward leakage of contaminated, perched ground water may occur through the bore-
hole during drilling. Thus, if the principal water table is shallow, contaminants may be
short-circuited to the water table.

Pore-Liguid Sampling from Unsaturated Regions of the Vadose Zone

Pore liquid samples cannot be obtained from open cavities in unsaturated regions of the
vadose zone because the fluid is held at negative matric potentials. Thus, wells or sampling
pans cannot be used to obtain liquid samples under these conditions. Methods for sam-
pling under unsaturated conditions include cellulose-acetate hollow fibers, membrane filter
samplers, and suction samplers, also called suction lysimeters. These units have an advan-
tage over solids sampling in allowing sequential sampling from fixed locations in the
vadose zone.

Jackson, Brinkley, and Bondietti [ /6], and Morrison [17] described the cellulose-acetate
hollow-fiber sampler. These semipermeable fibers function as molecular sieves for the dial-
ysis of aqueous solutions. Advantages that have been claimed for these samplers include
flexibility, small diameter, minimal chemical interaction of solute with the tube matrix,
and sample compositions similar to those obtained using ceramic cups [4]. So far these
samplers are more suitable for laboratory studies than for field sampling.

Stevenson [18] presented the design of a suction sampler using a membrane filter
mounted in a “Swinnex”-type filter holder (see Fig. 4). These filters are composed of pol-
ycarbonate or cellulose-acetate. The collector system draws vadose zone fluid by capillar-
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FIG. 4—"Swinnex -type pore fluid sampler [16].

ity. The collected fluid then flows in the collector sheets toward the glass fiber wicks as a
result of suction applied to the filter holder assembly [10]. The “wick and collector” assem-
bly has a relatively large contact area with vadose zone sediments. A flexible tube, attached
to the filter holder, permits applying a negative pressure to the system when delivering
collected liquid to a sample bottle. So far extensive use of this technique has not been
reported in the literature.

Porous Suction Samplers

Suction samplers (also called soil lysimeters) are the favored method for sampling pore
fluids under suction in the vadose zone. Basically, these samplers comprise a porous cup
mounted on the end of a hollow tube {generally of polyvinyl chloride (PVC)]. An alterna-
tive design incorporates a cylindrical porous section within the tubing rather than at the
end of the tubing [ 2]. When placed into the vadose zone, the pores (and fluid) in the porous
sampler form a continuum with the pores (and fluid) in the surrounding medium. The
surrounding medium consists of either native material or silica flour. The porous samplers
are made from various materials, including ceramic, Alundum, polytetraflucroethylene
(PTFEE), and nylon {2,19]. Ceramic and Alundum cups are hydrophilic, whereas PTFE
cups are hydrophobic [19].

There are three basic types of suction cup samplers: (1) the vacuum-operated sampler,
(2) the pressure-vacuum-operated sampler, and (3) the pressure-vacuum sampler with
check valves. Vacuum-operated samplers consist of a suction cup mounted on a body tube
that projects slightly out of the soil surface. A negative air pressure, applied to the interior
of the sampler through a small-diameter tube, draws pore fluid into the cup for delivery to
a sample bottle at the land surface. The practical depth limitation on these samplers is
about 7.62 m (25 ft). However, because of the expense of using long body tubes, these units
are not generally used for depths greater than 1.83 m (6 ft).
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14 GROUND WATER AND VADOSE ZONE MONITORING

Parizek and Lane [20] designed vacuum-pressure samplers for sampling at depths
beyond the suction limit of vacuum samplers. As shown on Fig. 5, these samplers include
a ceramic cup mounted on a body tube, a sample delivery line, and a pressure-vacuum
line. When sampling, a negative pressure is applied to the inside of the sampler, drawing
pore fluids into the cup. Subsequent application of pressure through the vacuum-pressure
line forces the collected fluids through the discharge line to sample bottles. These samplers
function most effectively at depths above 15.25 m (50 ft). Experience has shown that below
15.25 m (50 ft) application of pressure forces part of the collected sample out of the cup.

Pressure-vacuum samplers with check valves, designed by Wood [21], are used for sam-
pling depths greater than 15.25 m (50 ft). Figure 6 shows the components of this unit. The

3/16” 1. D. X 1/8” WALL NEOPRENE TUBE,
[ — - el ] TWO 6” (MINIMUM) LENGTHS REQ'D FOR
EACH SAMPLER

' AN
PINCH
CLAMP
PINCH
CLAMP
]
o s |
/ = =
< = <
SERVICE KIT, CONSISTING <% = &2
OF THE PRESSURE-VACUUM e - .
HAND PUMP, WITH THE —————__ ACCESS TUBES, 1/4
VACUUM DIAL GAUGE < —————— 0. D. COPPER OR
ADAPTER MOUNTED - <3 POLYETHYLENE
ON PUMP £> o TUBING
o D
~ <s
S e
) P
) <
PRESSURE-VACUUM o =
SOIL WATER SAMPLER ———— |\
<< : <
<0 ')
<
&3 co
=] [}
< <
IR <
&
fuby} =1
[ =1
< </
S,
s &

<

Copyright by ASTM Int (all rights resewgigonivﬁ %ﬂ@'&l‘m}zﬂi‘?ﬁ%r € Suction CUp sampi ler [22]
Downloaded/printed by

Karen Swanson (U.S. Environmental Protection Agency) pursuant to License Agreement. No further reproductions authorized.

ED_004625A_00113475-00018



15

WILSON ON METHODS FOR SAMPLING FLUIDS IN THE VADOSE ZONE

{z¢] 4ojdiups dna uorons wnnovafainssaid-ySig—9 "Dl

(FANSST A
DNILYY3JO ISd 1)
JATVA H¥DIHD
T3FLS SSTINIVIS

(FANSSI ¥d
DNILYAIJO ISd 1) u:._m
a5 AATVA ¥DIHD OA
DId DAd 1331S SSTINIV LS Qrios

ddni
NIVYIQ Ol hm(qu

3did uE\ arios
3
LY

2N1d (08 IINAIHOS
Ol QaaNOd dNO “@ €1 X QO 006°1) VIS FANSST ¥d
DIV AID SNOUOd Adid D0Ad FANLYIIdWIL/IH DNIY wOu INTVJOIN

VIS IANSSTud

SONILLLIA 39NL SSIDDV
ONIY «On INTUJOIN

YO 1dN /1 QUVUNYIS

Copyright by ASTM Int (all rights reserved), Mon Mar 26 11:51:48 EDT 2018

Downloaded/printed by

Karen Swanson (U.S. Environmental Protection Agency) pursuant to License Agreement. No further reproductions authorized.

ED_004625A_00113475-00019



16 GROUND WATER AND VADOSE ZONE MONITORING

sampler consists of a lower and an upper chamber. The upper chamber has a capacity of
about 1 L. The lower chamber includes the suction cup. A sample tube, containing a stain-
less steel check valve, connects the lower and upper chambers. The sample delivery tube
also contains a stainless steel check valve.

Applying a vacuum opens the one-way check valve to the lower chamber, drawing in
pore liquid through the cup. The vacuum also shuts the valve in the discharge line and
forces the collected fluid from the lower chamber into the upper chamber. Subsequently,
the vacuum is released and a pressure of nitrogen gas is applied. This shuts the lower valve,
opens the upper valve, and forces the sample through the delivery line to the surface. High
pressures do not damage the cup or cause backflow of the sample from the cup. These units
sample from depths as low as 91.5 m (300 ft) below the land surface [22].

Preparation of the ceramic cups involves leaching several pore volumes of acid (for
example, 1 N HCI) through the cups, followed by flushing with deionized water. This pro-
cess reduces the concentrations of major cations and trace elements released from the cup
during sampling [/9]. Care is required when installing a sample line into the base of a
sampling cup to avoid having the tubing catch on the inside lip of the cup (see Fig. 7).
Figure 7 shows that bevelling the end of the tube reduces this problem [23].

DISCHARGE TUBE

)
4
§

PVC
{schedule 120}

80 mi
CERAMIC VOLUME
cupP
BOTTOM OF CUP TUBE CUT ON BEVEL

FIG. 7—Creation of dead space in suction samplers [10].
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WILSON ON METHODS FOR SAMPLING FLUIDS IN THE VADOSE ZONE 17

Installating suction samplers includes constructing a borehole to the depth of interest,
pouring in a slurry of silica flour (454 g (1 Ib) of 200-mesh silica flour per 150 mL of water
[23D), using a tremie, to cover the sampler and 0.6 m (2 ft) or 0.915 m (3 ft) of the borehole,
then backfilling with bentonite. Technicians adjust the pressure-vacuum in the system
using a hand pump.

Round-bottom sampling cups are commercially available in a number of sizes and air-
entry values [ 24]. Body lengths are available up to 25.4 cm (10 in.), and even longer upon
request. Greater lengths may be desirable for units installed in fractured media to increase
the opportunity for contacting fractures.

Operational Features of Porous Suction Samplers

Table 1 summarizes the operational features and constraints of suction cup samplers.

Factors affecting the operation of suction cup samplers include the air-entry, or bubbling,
pressure of the cups; the effective operating range of the cups; the physical conditions of
the soil, including hydraulic factors; cup-fluid interactions; and climatic factors [3,23].
Everett and McMillion [23] obtained laboratory data on air entry pressures (“bubbling
pressures”) for ceramic and PTFE cups (see Table 1). Air entry pressures are related to the
pore size relationships of the cups. Table | summarizes pore size relationships for these
cups.

The most critical operational feature of the porous cup is the range of negative pore
pressures for effective sampling. Generally, “effective sampling” can be thought of in terms
of sampling times and sample volume. Basically, as the suction increases in the medium
being sampled, the unsaturated hydraulic conductivity of the medium becomes so low that
the rates of delivery become vanishingly small. This occurs even though the air entry value
of the sampler has not been exceeded. Table 1 summarizes the effective sampling ranges
for ceramic and PTFE samplers.

Amter [25] evaluated the injection/recovery technique for extracting fluids from the
vicinity of suction samplers beyond the normal operating range. His technique involves
injecting deionized water through the cup into the surrounding medium and subsequently
drawing the mixture of injected water and native fluid back into the cup. Because of dilu-
tion, the method is best suited when looking for target chemicals. The technique can be
used with vacuum-type samplers and pressure-vacuum samplers.

The likelihood that suction cups will operate in the wet range is enhanced by terminating
units near the interface between layers of differing texture. Information on layered condi-
tions is obtained during solids sampling. For example, Fig. 8 shows a textural and water
content profile from a sampling hole near a dry well in Tucson, Arizona. Three regions of
high water content are present in fine-grained sediments. Suction samplers should be
located above the contacts between the coarse and fine sediments.

Another important operational feature of suction cup samplers is loss of vacuum. Ever-
ett and McMillion [23] found that ceramic samplers were able to maintain a high vacuum
(about 93 cbar) for 20 days of laboratory testing. The vacuum dropped off in all PTFE
units, which must be embedded in silica flour to minimize vacuum loss. The joints in the
units with screw fittings must be sealed.

Effect of the Soil Physical Properties on the Operation of Porous Suction Samplers
The use of suction samplers to obtain pore-liquid samples for determining a “represen-
tative” water chemistry in a relatively unstructured soil has been questioned [3,4,26-29].
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F1G. 8—Geological and water-content profiles near a dry well in Tucson, Arizona.

As pointed out by England [26], the composition and concentration of pore liquid is not
homogeneous throughout a given mass. Accordingly, pore liquid extracted from sequences
of large pores at low suction may have a composition that is quite different from that
extracted from sequences of micropores. Moreover, “a point source of suction, such as the
porous cup, samples roughly a sphere, draining different-sized pores as functions of dis-
tance from the point, the amount of applied suction, the hydraulic conductivity of the
medium, and the soil-water content” [26]. The concentrations of various ions in solution
do not as a general rule vary inversely with the soil solution [26].

Variability of hydraulic properties within the sampling sphere also affects sampling.
Accordingly, “point samples” only provide an indication of relative changes in pore liquid
composition but not absolute concentrations, unless the spatial variability of the vadose
zone properties are quantified [4]. Thus, suction samplers are best suited for detecting the
arrival of pollutants at the sampling depth and not the absolute amounts or concentrations.

Structured and fractured media accentuate the problems described in the last two para-
graphs [28]. In such media, liquid movement occurs in a two-domain system [29]. One
domain consists of the porous matrix. The conventional, Darcian-based unsaturated flow
equation describes flow in this domain. The second domain includes a system of fractures
or macropores through which water flows by gravity [29]. Free-drainage samplers are best
suited for sampling saturated drainage in the larger cracks and macropores [27]. Suction
samplers are best suited for sampling from the unsaturated flow regime within the blocks.
The opportunity for suction samplers to extract liquid from fractures and macropores may
be enhanced by embedding sampling units in sections of silica sand.
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20 GROUND WATER AND VADOSE ZONE MONITORING

Cup-Fluid Interactions

There are two classes of interactions: (1) those affecting the operation of cups by plugging
and (2) those affecting the composition of liquids flowing through the cups. Clogging by
particulate matter does not appear to be a problem [30]. Formation of chemical precipi-
tates within the cup pore space is always a possibility, for example, in the reducing envi-
ronments of perched ground water.

Suction cups appear to be very effective in filtering out bacteria. During laboratory stud-
ies, Dazzo and Rothwell [3]] observed a 100-fold to 10 000 000-fold reduction in fecal
coliform in manure slurry during sampling, and 65% of the cups yielded coliform-free sam-
ples. They concluded that suction samplers do not yield valid water samples for fecal coli-
form analysis. In contrast, suction samplers are effective in sampling for viruses.

Anderson [28] found that low concentrations of negatively charged contaminants pres-
ent in the soil solution may be changed during sampling because of sorption or repulsion
of molecules in ceramic cup samplers. The long time delay required to obtain sufficient
sample for laboratory analyses in slowly permeable sediments may also alter the chemical
composition. Similarly, reducing conditions within a cup may alter the concentration of
metals in a sample [28]. During studies at a tannery disposal site, Anderson [28} found
that chromium precipitated in the samplers because of changes in redox conditions
between the soil and sampler. She estimates that the quantity precipitated was equivalent
to 4 to 40 times the measured dissolved concentrations.

Climatic Factors

Climatic conditions may affect the operation of suction samplers (see Table 1). For
example, in frozen soils the tension of unfrozen water may be great enough to limit flow
into the cups [3]. Water films in the extraction line may freeze [/7]. This problem may be
eliminated by installing a bleeder valve along the extraction line [17].

Alternative Suction Sampler Designs

According to Baier, Aljibury, and Meyer [32], tensiometer units, used to determine water
potentials in the vadose zone, may be converted to vacuum-pressure samplers by draining
the tensiometer fluid during a sampling cycle. This is possible because tensiometer cups
are also made of ceramics. Baier, Aljibury, and Meyer [32] used this approach to sample
the vadose zone beneath sewage sludge ponds at Sacramento, California. When interpret-
ing the results, care is required to account for the presence of residual tensiometer fluid in
the collected sample.

Nightingale, Harrison, and Salo [33] described a subsurface water extractor that can be
used under both saturated and unsaturated conditions, for example, in the vicinity of fluc-
tuating water tables. Figure 9 shows the basic design of their sampler. The interior of the
body tube serves as a sample reservoir. Applying a vacuum to the vacuum-pressure line
draws the sample up the standpipe into the reservoir. The sample remains in the reservoir
when the vacuum is removed. Pressurizing the pressure-vacuum line with nitrogen gas
forces the sample through the outlet line into the sample bottle. The backflow of sample
through the ceramic cup is minimal. The maximum sampling depth is estimated to be 28
m (91.8 ft). The reservoir capacity is from 1.5 to 2.0 L.

Haldorsen, Petsonk, and Tortstensson [34] reported on the filter-tip sampler system for
obtaining samples from both saturated and unsaturated regions of the vadose zone. The
system includes a downhole filter tip connected to an access tube, and aboveground adap-
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FIG. 9—Alternative suction sampler design [33).

tors. The hollow filter tip consists of a porous filter section above a pointed drive point, a
threaded section to be attached to the access pipe, and an upper, necked-down section
containing a rubber septum. The pore size of the filtered section is about the same as that
for the suction samplers, approximately 3 um. This ensures that the porous segment
remains saturated even though the suction in the surrounding medium increases [34].

The first phase of sampling with the filter-tip sampler system involves lowering a sam-
pling adaptor into the access hole to make contact with the filter tip. The adaptor incor-
porates an air-evacuated sampling vial with a rubber septum and a sliding section with a
concentric, double-ended hypodermic needle. The second phase involves forcing the hypo-
dermic needle through the rubber septums into the filter tip and sampling vial, causing
fluid, drawn through the porous section by vacuum, to fill the sample vial.

Pore-Liquid Sampling from Saturated Regions of the Vadose Zone

Two classes of saturation develop in an otherwise unsaturated vadose zone: (1) free-
drainage water, and (2) perched ground water. Free drainage occurs when fluid applied at
the land surface flows downward in a profile under saturated or near-saturated conditions
through macropores and through fractures and cracks. Perched ground water develops at
the interface between vadose zone layers of differing texture, for example, in a gravel layer
overlying a clay lens.

Free-Drainage Samplers

Free-drainage samplers intercept and collect water flowing in saturated pores or fractures
for delivery to a sample container. Everett and Wilson [10], Hornby, Zabcik, and Crawley

Copyright by ASTM Int (all rights reserved), Mon Mar 26 11:51:48 EDT 2018
Downloaded/printed by

Karen Swanson (U.S. Environmental Protection Agency) pursuant to License Agreement. No further reproductions authorized.

ED_004625A_00113475-00025



22 GROUND WATER AND VADOSE ZONE MONITORING

[27], and Barbee [35] reviewed alternative designs for free-drainage samplers, including
stainless steel troughs, sand-filled funnels, and hollow glass blocks. In each case, gravity
drainage creates a slightly positive pressure at the soil-sampler interface causing fluid to
drip into the sampler. Shaffer, Fritten, and Baker [36] designed a 20-cm (7.9-in:)-pan lysim-
eter with a tension plate capable of pulling a six-centibar suction.

Recently, Hornby, Zabcik, and Crawley [27] presented the design of a wicking-type sam-
pler (see Fig. 10).

Typically, free-drainage samplers are installed in tunnels, extending from trenches or
buried culverts [2,37], constructed to the total desired sampling depth. The total depth of
sampling is limited only by the availability of construction equipment. Similarly, the hor-
izontal extent of the samplers depends on the availability of tunneling equipment. Hornby,
Zabcik, and Crawley [27] described a barrel lysimeter comprising an encased soil monolith
of undisturbed soil. Above the sealed base of the monolith is a system of porous ceramic
cups. The monolith is placed in a tight-fitting hole beneath a monitoring site (for example,
in the treatment zone beneath the zone of incorporation of a land treatment unit). The
lysimeters collect fluid draining through the monolith.

/ PO L A
N RS S ]\\

-

IV

I3
’
.
7
J

PLEXIGLASS
PLATE

TO SAMPLE 4§

ffrmnemms

(;
COLLECTION g
EQUIPMENT ( i
1]

PRESSURE /VACUUM HOSE
'%2" 0.0. TYGON HOSE (24")

6
HURCULON FIBER
2"PVC

4"\ .
1"PVC

FIG. 10— Wicking-type free-drainage sampler [27].
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WILSON ON METHODS FOR SAMPLING FLUIDS IN THE VADOSE ZONE 23

Sampling from Perched Ground Water

The presence of perched ground-water regions in the vadose zone provides the oppor-
tunity to obtain larger volumes of fluid for analysis than is possible with core samples and
suction samplers. There are three basic sampling alternatives: (1) sampling tile drainage,
(2) sampling cascading water, and (3) sampling from wells.

In agricultural areas with high water tables, a common practice is to install buried tile
lines to maintain water table levels below the rooting depths of crops. Samples of drain
water are accessible at the point of discharge of a tile line into an open ditch. The samples
may or may not be representative of the “average” conditions, depending on the distri-
bution of soil mapping units in the drained area.

Piezometers or multilevel samplers collect samples from shallow perched ground-water
regions. Pickens et al. [38] described a mulitlevel sampler suitable for sampling in cohe-
sionless soils in which flow is predominantly in the horizontal direction.

Wilson and Schmidt [39] described technigues for sampling from cascading wells. Cas-
cading water occurs through cracks in casing joints and through dewatered perforations.
Cascading water samples are obtained from abandoned wells near the site being monitored
or from operating wells after the removal of pumps for servicing. A bucket lowered into
the cascading stream collects the water samples. Alternatively, water is collected at the
wellheads during the start-ups of wells that have been shut down for a prolonged period.

Dedicated wells provide perched ground-water samples from deeper regions of the
vadose zone. The construction techniques and well designs are identical to those used for
ground-water monitoring wells [8]. A problem in some areas is that perched ground-water
systems tend to be ephemeral [39]. Backup systems, for example, suction samplers and the
extractor design by Nightingale, Harrison, and Salo [33], are recommended for these
conditions.
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ABSTRACT: The monitoring of nonaqueous-phase fluids in the unsaturated zone can be
accomplished with tensiometers or suction lysimeters if care is taken before the instrumen-
tation is installed. In this instance, the porous material used to monitor fluid pressure, or to
sample a fluid, should be prewetted with the fluid of interest. Experiments with three-phase
fluid flow of immiscible fluids in a porous medium have shown that there is a small window
of fluid contents at which all three fluids are mobile. With this in mind, monitoring/sampling
of each phase was accomplished for various liquid contents for each of the liquids. More
often than not, though, liquid sampling is preferential towards the wetting fluid. For petro-
leum hydrocarbons, water, and air in porous media and in porous ceramic cups, the domi-
nant wetting fluid has been found to be water.

KEY WORDS: ground water, vadose zone, immiscible contaminants, gasoline, heating oil,
tensiometers, lysimeters, monitoring, sampling

A common field endeavor in ground-water science is the evaluation of contamination at
a particular site. Because of the very nature of human-caused aquifer contamination, most
contaminants move from at or near the ground surface down to the ground-water table. It
is in this very basic process that the vadose zone becomes affected as well as the saturated
zone. This paper deals with vadose zone contamination. Of interest here is the evaluation
of the presence of immiscible contaminants within the vadose zone itself. That is to say,
in order to delineate the degree of contamination, the fluids present in the vadose zone
must be monitored or sampled, or both. In lieu of destructive sampling (i.¢., coring), an in
situ probe would deal best with the changing conditions in the vadose zone, especially in
light of treatment or cleanup methodologies. Thus, the objective of the present research is
to identify whether prewetting of porous ceramic cups will make possible sampling or mon-
itoring of non-aqueous-phase liquids in the unsaturated zone,

Characteristics of Multiphase Vadose Zone Flow

Fluids flowing in aquifers conveniently subscribe to Darcy’s law

dh
qg= —Ka (1)
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26 GROUND WATER AND VADOSE ZONE MONITORING

where ¢ is the Darcian velocity, which is the volume of flow per unit of time per bulk unit
of area (L/T); A is the total energy of the fluid at the particular location in space (L); x is
the one-dimensional position or space coordinate (L); and X is the hydraulic conductivity.
When a porous medium is fully saturated with one fluid, K represents the saturated
hydraulic conductivity. Given a porous medium and two different fluids, it is obvious that,
to maintain a fixed, constant hydraulic gradient (dh/dx) in each case of saturated flow for
each fluid, the discharge or Darcian velocity will change owing to changes in the fluid char-
acteristics; specifically, how shear is transmitted through the fluid.

With dh/dx constant and g changing, K must change. This signifies that K is not only a
function of the type of porous medium (formation property) but also a function of the fluid
property of viscosity (kinematic viscosity, »). If the fluid property is abstracted from
hydraulic conductivity, permeability (k) results

k== @

where k is the permeability (L?), here at saturated conditions, and g is the acceleration due
to gravity. Permeability may be used in Darcy’s law as was hydraulic conductivity. This
results in

kg oh
= v dx &

In the case of a porous medium with one fluid present, the value of permeability found
from measurement of flows, fluid properties, and gradients is the permeability at saturated
conditions. When two fluids are present at the same time in a porous medium, there is
competition for the void spaces. As the fluids now have more tortuous paths to follow than
under saturated conditions, the multiphase porous medium presents more resistance to
flow. This directly results in a reduction of permeability. The reduction in permeability of
the porous medium to fluid flow is proportional to the content of that fluid in the porous
medium. When the content of the pore spaces is entirely filled with a fluid, the permeability
is maximum and the magnitude is that of the saturated value. When the pore space volume
is filled less and less with the fluid of interest (i.e., water) and more and more with another
(i.e., air), then the permeability of the fluid of interest (in this case water) decreases, while
at the same time the permeability of the other fluid, in this case air, increases because its
content is increasing. These changes in permeability can occur over numerous orders of
magnitude.

In cases of three immiscible fluids in a porous medium (gasoline-water-air), it has been
cited by Corey [7], Leverett [2], and Schwille [3] and experimentally observed by Balles-
tero, Johnson, and Kinner [4] that there are threshold fluid contents which must be reached
before a fluid can move. The fluid content of the liquids must be significant in order to
obtain any three-phase flow. As air is a nonwetting fluid (preferentially, air would rather
be next to the water or gasoline than to the solids composing the porous medium), it takes
the most advantageous pore space, leaving very sinuous, tortuous paths for the water and
gasoline. Thus, to get three-phase flow of gasoline, water, and air in a porous medium, the
air content should be low, and both the gasoline and water content should be high.

On a percentage basis, the sum of all three fluid contents will equal 100% of the pore
volume. Thus, the key to identifying when multiphase flow occurs is to identify the per-
centage of pore volume taken up by each fluid—in other words, the fluid content. There
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are numerous techniques for performing fluid content measurements directly and indi-
rectly, as well as destructively and nondestructively. For field monitoring purposes, one
technique is to measure the subsurface pressure in the fluid phases and then relate this to
the fluid content. This presumes that there is a unique relationship between fluid pressure
and fluid content for a particular porous medium and then another unigue relationship
between fluid content and permeability. The pressure measurements also aid in delineating
subsurface energy gradients. Thus, by combining all of this information, the subsurface
content and mobility of immiscible contaminants can be evaluated. Figure 1 delineates the
typical relationship between fluid pressure and fluid content and that between fluid content
and permeability.
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FIG. |—Interrelationships between fluid pressure and permeability and between fluid con-
tent and permeability in a porous medium.
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Capillary Pressure

When immiscible fluids come in contact with one another, their interface acts as a mem-
brane. This membrane tends to form geometrically in a form other than a plane surface.
Because fluid molecules would rather be next to like molecules than at the interface, there
is a certain amount of energy required to keep molecules at the interface. This energy is
described by the fluid property of surface tension. The end result of the energy necessary
to maintain molecules at the interface is a force imbalance, at the interface, which is per-
pendicular to the interface. The action of this force over the area of the interface results in
what is termed capillary pressure. The capillary pressure requires that there be a difference
in pressure at the interface in going from one fluid to the other. The difference in these
pressures is the capillary pressure (p.). As defined by Corey {I]

DPe = Duw — Pw (4)

where p, is the capillary pressure, p,, is the fluid pressure in the nonwetting phase at the
interface, and p, is the fluid pressure of the wetting phase at the interface. It is p, that is
measured in the vadose zone and that is related to the fluid content. The capillary pressure
is also related to the total energy at any one point, and thus can be used to delineate
hydraulic gradients.

In soils, air is the nonwetting phase and water is the wetting phase: p,, is on the order
of atmospheric pressure (or zero gage pressure), and the water pressures are negative and
a function of the distance from the water table. Thus, p, is computed as a positive value.

Tensiometers measure p,. By assuming atmospheric conditions in the subsurface air, p.
is equal to the negative of the water pressure reading form the tensiometers. A perverse
feature of laboratory experiments of three-phase flow in closed porous media systems is
that, because of the volatility of gasoline, p,, is greater than atmospheric pressure (Balles-
tero, Johnson, and Kinner {4]). This factor obviously must be taken into account in such
experiments.

The surface tension property of fluids is a function of temperature, the purity of the fluid
of interest, and the other fluid existing at the interface. In the case of a water-air interface,
surface tension is on the order of 70 dyne/cm; for a gasoline-water interface, this may be
reduced to less than 10 dyne/cm [2].

In the three-fluid problem of gasoline-water-air, water wets, gasoline preferentially wets
over air, and air is the nonwetting fluid. Thus, water will most likely coat the soil particles,
gasoline will fill small crevasses between the water-coated particles, and air will remain in
the large void spaces.

Monitoring and Sampling in the Vadose Zone with Lysimeters and Tensiometers

As presented in the last section, multiphase fluid flow in a natural porous medium, in
which air is one of the fluids, occurs under negative liquid (gasoline, water) pressures and
results in positive capillary pressures. Sampling any of the fluids in the vadose zone can
be accomplished by utilizing a device that operates under negative pressures which are
lower than the fluid pressures. Tensiometers and lysimeters fit this description. In each
case, the part of the instrument inserted into the vadose zone is a porous cup. For opera-
tional purposes, the porous cup is prewetted (presoaked), usually with water, allowing the
prewetting liquid to pass through the porous cup in either direction once the cup is inserted
in the porous medium. It is at this point that the present investigation began. As many
immiscible fluids can exist in the vadose zone—fluids other than water-—it is reasonable
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to ask whether fluids other than water can be sampled, preferentially, when the porous cups
are prewetted with the fluid of interest.

Experimental Design

In order to answer this question, a laboratory experiment was designed. A flume (Fig. 2)
of the dimensions 30 by 30 by 122 ¢m was constructed of wood and filled with a clean
sand of known porosity (34%) and gradation [the percentages of sand particles passing
through the following sieve sizes are as follows: Dy = 0.17 mm; D, = 0.25 mm; Dy, =
0.32 mm; Dy, = 0.35 mm; and Dy = 0.63 mm (see Ref 7 for an explanation of the terms)].
During sand filling, porous ceramic cups, connected to gasoline-resistant plastic tubing,
were installed at various depths. No slurry was used around the ceramic cups.

The porous cups were presoaked for at least 24 h. Depending on the trial, the presoaking
occurred in either water, gasoline, or fuel oil. The cups were dedicated: thus, no one cup
was used more than once. Presoaking occurred by immersing the porous cups in at least
20 cm of fluid and then pulling a small vacuum on the tube leading to the porous cups.
The porous cups were rated by the manufacturer as 20.6 X 10° dyne/cm?® but, when bubble
tested, proved to be in the range of 27.5 to 33.0 X 10° dyne/cm?

Initially the flume was saturated with water and then allowed to drain until the water in
the sand had a level of only 3 cm. Approximately 35% of the water added remained in the
flume.

The plastic tubing to each porous cup was left filled with the soaking fluid and capped.
At this point, the flumes were left for another 24 h in order to let the porous cups come to
equilibrium.

At this time, various trials were run. In the first trial, a mixture of half gasoline, half
water was added to the flume by pouring it over the top surface. The volume added was
on the order of 70% of the pore volume. This added fluid mixture was immediately drained
until the level of fluid at the bottom of the flume was 3 cm. Of the drained volume, approx-
imately 85% of each fluid was recovered. The flume was left for another 24 h to equilibrate.
No measurements of residual saturations were made, but previous work with this material
[4] shows residual liguid contents on the order of 15% for water and 18% for gasoline,
which are in the ranges found by Hoag and Marley [5]. Sampling for this run began on the
next day by drawing a suction on the plastic tubes to the porous cups and recording the
volume and type of fluid obtained from the cups.

Trial I—In this trial, the cups were presoaked with water. The suction pressure on each
cup was started at 0 dyne/cm? and increased in steps. At each step, the pressure was held
constant for 15 to 20 min and the fluid sample was recorded. The pressures (in dynes per
square centimetre) tested included: 345 000; 690 000; 1.03 X 10% 1.38 X 10% 1.72 X 108
and 1.93 x 10

Trial II—This trial mimicked Trial I, except that the porous cups were presoaked with
gasoline.

Trial III—This trial was similar to Trial I only in that the fluid mixture added was water
and home heating oil, and the porous cups were presoaked with water.

Trial IV—This trial was similar to Trial III, except that the porous cups were presocaked
with the home heating oil.
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FIG. 2—Sand-filled flume with lysimeters and a tensiometer.
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Trial V—In this trial, which started with the initially dryjpacked flume, the flume was
saturated with gasoline, drained, and then sampled with porous cups that had been pre-
soaked with gasoline.

Trial VI—This trial mimicked Trial V, except that heating oil was used instead of gas-
oline. A summary of the experimental design can be found in Table 1.

After each trial, the flume was emptied of the sand and repacked with new sand. This
limited any contamination from trial to trial.

Results and Conclusions

Tables 2 through 6 exhibit the qualitative summary of the results of these experiments.
The results do appear to be mixed and in part reflect some difficulty with the equipment.

TABLE 1—Summary of experiment design.

Porous Cup Location

Trial Run Porous Cup Fluid Mixture Below Top Surface of
No. Presoaking Fluid Added and Drained Sand, cm

1 water water/gasoline 10, 12, 15, 22
2 gasoline water/gasoline 10, 15, 20, 25
3 water water/heating oil 10, 15, 20, 25
4 heating oil water/heating oil 10, 15, 20, 25
5 gasoline gasoline 15

6 heating oil heating oil 15

TABLE 2—Data from Trial 1.

Porous Cup
Location Below Vacuum Pressure Applied to Porous Cups, dyne/cm? X 10°
Top Surface of
Sand, cm 3.45 6.90 10.3 13.8 17.2 19.3
10 water air air water/air water/air water/air
12 water water water water/air water/air water/air
15 water water water/air water/air water/air water/air
22 air water/air water/air water/air water/air water/air
TABLE 3—Data from Trial II.
Porpus Cup
Location Below Vacuum Pressure Applied to Porous Cups, dyne/cm? X 105
Top Surface of
Sand, cm 345 6.90 10.3 13.8 17.2 19.3
10 no sample nosample  gas/water/ air air/water air/water
air
15 no sample nosample no sample no sample nosample no sample
20 no sample  air trace water  gas/air gas/air water/air
25 no sample  gas/water gas/water gas/water air/water air/water
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TABLE 4—Data from Trial IIl.

Porous Cup
Location Below Vacuum Pressure Applied to Porous Cups, dyne/cm? X 10°
Top Surface of
Sand, cm 3.45 6.90 10.3 13.8 17.2 19.3
10 trace water water/air water/air air air air
15 trace water water water/air water/air water/air water/air
20 trace water water water/air water/air water/air water/air
25 water water/air water/air water/air water/air water/air
TABLE 5—Data from Trial IV.
Porous Cup
Location Below Vacuum Pressure Applied to Porous Cups, dyne/cm? X 10°
Top Surface of
Sand, cm 345 6.90 10.3 13.8 17.2 19.3
10 trace water air - air/trace air/trace air/water/ air/water/
water water oil oil
15 no sample water/air water/air  water/air  air/water air/water
20 water/air/ air/water air/water oil/water air/water air/water
oil
25 no sample water water/air water/air water/air air/water
TABLE 6~Data from Trials V and VI1*
Vacuum Pressure Applied to Porous Cups, dyne/cm? X 10°
Trial 3.45 6.90 10.3 13.8 17.2 19.3
5 gas gas gas air/gas air/gas air/gas
6 oil oil oil oil/air oil/air oil/air

2 The porous cups were located approximately 15 cm below the top surface of the sand.

The most basic conclusion that can be drawn (from Trials I and I1I) is that when the porous
cups were presoaked with water, no hydrocarbon fluid phase was sampled by the ceramic
cups. In addition, in Trials I and IV, when the porous cups were presoaked with the hydro-
carbon, both liquid phases were sampled, but there was a trend in which the heating oil
sample diminished, ultimately yielding only water. During the experiments, the yield of
the hydrocarbon diminished more rapidly at higher suction values than at lower values.

In Trials II, IV, V, and VI, it was not entirely apparent whether the air which was enter-
ing the suction lysimeters resulted from equipment failure at the connections or from vol-
atilization of the hydrocarbon within the porous cup.

The significance of these results lies in their effect on field monitoring protocols. At a
gasoline spill site, lysimeters presoaked with gasoline can pick up some of the pure gasoline
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when operating at low vacuum. If cups presoaked with water were to be used, only those
constituents which readily dissolve in water would be detected. As gasoline is a mixture of
as many as 200 constituents [6], the absence of a vadose zone gasoline sample from a spill
location hinders the evaluation of the spill magnitude and the effectiveness of remediation
strategies.

Some recommendations for field utilization of this methodology include low-vacuum
sampling and multiple porous cup arrays. In the experiments, since water was ultimately
obtained in the porous cups initially presoaked with the hydrocarbon, water was most
likely preferentially wetting the porous cups. Thus, the porous cups that had been initially
soaked with gasoline or heating oil were, in time, incapable of providing gasoline or heating
oil samples. If sample pressures are kept low, or possibly the cups are kept under positive
hydrocarbon liquid pressures until in use, water will not be drawn into the porous cups as
fast as under higher vacuum pressures. Multiple porous cup arrays will allow for cups to
be fouled with time before others are used, thus affording consistent spatial data. Tensiom-
eters will have to be filled with the prewetting fluid and may necessitate redesign of the
instrument altogether.
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ABSTRACT: Standard tensiometers are used to measure matric potential as low as —870
c¢m of water in the unsaturated zone by creating a saturated hydraulic link between the soil
water and a pressure sensor. The direction and, in some cases, quantity of water flux can be
determined using multiple installations.

A variety of commercial and fabricated tensiometers are commonly used. Saturated porous
ceramic materials, which form an interface between the soil water and the bulk water inside
the instrument, are available in many shapes, sizes, and pore diameters. A gage, manometer,
or electronic pressure transducer is connected to the porous material with small- or large-
diameter tubing. Selection of these components allows the user to optimize one or more char-
acteristics, such as accuracy, versatility, response time, durability, maintenance, extent of
data collection, and cost.

Special designs have extended the normal capabilities of tensiometers, allowing measure-
ment in cold or remote areas, measurement of matric potential as low as —153 m of water
{— 15 bars), measurement at depths as deep as 6 m (recorded at land surface), and automatic
measurement using as many as 22 tensiometers connected to a single pressure transducer.

Continuous hydraulic connection between the porous material and soil, and minimal dis-
turbance of the natural infiltration pattern are necessary for successful installation. Avoid-
ance of errors caused by air invasion, nonequilibrium of the instrument, or pressure-sensor
inaccuracy will produce reliable values of matric potential, a first step in characterizing unsat-
urated flow.

KEY WORDS: ground water, infiltration, instrumentation, moisture content, moisture ten-
sion, Richards apparatus, tensiometers, underground waste disposal, unsaturated flow

Movement of water in the unsaturated zone is of considerable interest in studies of haz-
ardous-waste sites [/-3], recharge studies [4,5], irrigation management [6-8], and civil-
engineering projects [9, ] 0]

Unsaturated flow obeys the same laws that govern saturated flow: Darcy’s law and the
equation of continuity, which have been combined in the Richards equation [/7]. Baver
et al. [12] present Darcy’s law for unsaturated flow as

= —KV({y + Z) )

where

= the flux density, in metres per second;
K = the unsaturated hydraulic conductivity, in metres per second;

! Hydrologist, U.S. Geological Survey, Denver, CO 80225.
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STANNARD ON TENSIOMETERS 35

¥ = the matric potential of the soil water at a point, in metres;
Z = the elevation at the same point, relative to some datum, in metres; and
V = the gradient operator, in inverse metres.

The sum of ¢ + Z commonly is referred to as the hydraulic head.

Unsaturated hydraulic conductivity, K, can be expressed as a function of either matric
potential, ¢, or water content, # (cubic metres of water per cubic metre of soil), although
both functions are affected by hysteresis [13]. If the wetting and drying limbs of the K(¥)
function are known for a soil, time series of on-site matric-potential profiles can be used
to determine the following: (1) which limb is more appropriate to describe the on-site K(y),
(2) the corresponding values of the hydraulic-head gradient, and (3) an estimate of flux
using Darcy’s law. If, instead, K is known as a function of 6, on-site moisture-content pro-
files (obtained, for example, from neutron-scattering methods) can be used to estimate K
and can be combined with matric-potential data to estimate flux. In either case, the accu-
racy of the flux estimate needs to be assessed carefully. For many porous media, dK/dy
and dK/d6 are large, within certain ranges of ¥ or 8, making estimates of K particularly
sensitive to on-site measurement errors of ¥ or 8. (On-site measurement errors of ¥ also
have a direct effect on V(¢ + Z) in Darcy’s law.) Other sources of error in flux estimates
can result from the following: (1) inaccurate data used to establish the K(y) or K(6) func-
tions (accurate measurement of very small permeability values is particularly difficult)
[14]; (2) use of an analytical expression for K{y) or K(8) that facilitates computer simula-
tion, but only approximates the measured data; (3) an insufficient density of on-site mea-
surements to define adequately the 8 or  profile, which can be markedly nonlinear; (4) on-
site soil parameters that are different from those used to establish K(¥) or K(8); and (5)
invalid assumptions about the state of on-site hysteresis. Despite the possibility of large
errors, certain flow situations occur in which these errors are minimized and fairly accurate
estimates of flux can be obtained [5,15]. The method has a sound theoretical basis, and
refinement of the theory to match measured data would markedly improve the reliability
of the estimates.

Matric-potential and elevation data can be used to determine direction of flow [9], a
valuable piece of information. If the moisture-characteristic curve is known for a soil,
matric-potential data can be used to determine the approximate water content of the soil
[10]. The tensiometer is used to measure matric potential between the values of 0 and
approximately — 870 cm of water; this range includes most values of saturation for many
soils [I6]. In theory, these techniques can be applied to almost any unsaturated-flow
situation, whether it is recharge, discharge, lateral flow, or combinations of these situ-
ations.

In this report, the theoretical and practical considerations pertaining to successful on-
site use of commercial and fabricated tensiometers are described. Measurement theory and
on-site objectives are used to develop guidelines for tensiometer selection, installation, and
operation.

The tensiometer, formally named by Richards and Gardner [17], has undergone many
modifications for use in specific problems [19,18-29]. However, the basic components
have remained unchanged. A tensiometer is comprised of a porous surface (usually a
ceramic cup) connected to a pressure sensor by a water-filled conduit. The porous cup,
buried in a soil, transmits the soil-water pressure to a manometer, a vacuum gage, or an
electronic-pressure transducer (referred to in this report as a pressure transducer). During
normal operation, the saturated pores of the cup prevent bulk movement of soil gas into
the cup.
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36 GROUND WATER AND VADOSE ZONE MONITORING

Measurement Theory

The concept of fluid tension refers to the difference between standard atmospheric pres-
sure and the absolute fluid pressure. The values of tension and pressure are related as

TF=Patm'"'PF (2)
where
Tr = the tension of an elemental volume of the fluid,
P,.. = the absolute pressure of the standard atmosphere, and
P; = the absolute pressure of the same elemental volume of fluid.

(All the pressures and tensions for Eq 2 are expressed in the same units.)
Soil-water tension (or soil-moisture tension), similarly, is equal to the difference between
soil-gas pressure and soil-water pressure. Thus

TW + P G = P w (2[1)
where
T = the tension of an elemental volume of soil water,
P; = the absolute pressure of the surrounding soil gas, and
P,, = the absolute pressure of the same elemental volume of soil water.

(All these pressures and tensions are expressed in the same units.)

In this report, for simplicity, soil-gas pressure is assumed to be equal to 1 atm, except as
noted. Various units are used to express tension or pressure of soil water and are related
to each other by the equation

1.000 bar = 100.0 kPa = 0.9869 atm = 1020 cm of water at 4°C
= 1020 g/cm? in a standard gravitational field (3)

A standard gravitational field is assumed in this report; thus, centimetres of water at 4°C
are used interchangeably with grams per square centimetre.

The negative of soil-water tension is known formally as matric potential [ /4]. The matric
potc tial of water in an unsaturated soil arises from the attraction of the soil-particle sur-
faces for water molecules (adhesion), the attraction of water molecules for each other (cohe-
sion), and the unbalanced forces across the air-water interface. The unbalanced forces
result in the concave water films typically found in the interstices between soil particles.
Baver et al. [ 12] present a thorough discussion of matric potential and the forces involved.

An expanded cross-sectional view of the interface between a porous cup and soil is
shown in Fig. 1. Water held by the soil particles is under tension; that is, the absolute
pressure of the soil water, Py, is less than atmospheric. This pressure is transmitted
through the saturated pores of the cup to the water inside the cup. Conventional fluid stat-
ics relates the pressure in the cup to the reading obtained at the manometer, vacuum gage,
or pressure transducer.

In the case of'a mercury manometer (Fig. 2a)

Tw=P,— Py = (pu; — pmo) " — P (h + d) 4
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FIG. |—Enlarged cross section of the porous cup/porous medium interface.

the soil-water tension relative to atmospheric pressure, in centimetres of water
at 4°C;

the atmospheric pressure, in centimetres of water at 4°C;

the average pressure in the porous cup and soil, in centimetres of water at 4°C;
the average density of the mercury column, in grams per cubic centimetre;

the average density of the water column, in grams per cubic centimetre;

the reading, or height of the mercury column above the mercury-reservoir sur-
face, in centimetres;

the height of the mercury-reservoir surface above the land surface, in centime-
tres; and

the depth of the center of the cup below the land surface, in centimetres.

Although the density of mercury and water both vary about 1% between 0 and 45°C, Eq
4 commonly is used, with py, and py, constant. Using py, = 13.54 and py,o = 0.995 (the
median values for this temperature range) yields about a 0.25% error (1.5 cm H,O) at 45°C,
for T = 520 cm H,O. This small, but needless, error can be removed by using the follow-
ing density functions

prg = 13.595 — 2.458 X 107* (T) (5)

pro = 0.9997 + 4.879 X 1075 (T) — 5.909 X 10~¢ (T)? (6)

where py, and py,o are as defined above, and (7)) is the average temperature of the column,
in degrees Celsius.
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FIG. 2a—Manometer type of tensiometer.
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FIG. 2b—Gage type of tensiometer.

The average temperature of the buried segment of the water column can be estimated
with a thermocouple or thermistor in contact with the tubing, buried at about 45% of the
depth of the porous cup. Air temperature is an adequate estimate for exposed segments.

Most vacuum gages used with tensiometers are calibrated in bars (and centibars) and
have an adjustable zero reading. The zero adjustment is used to offset the effects of altitude,
the height of the gage above the porous cup (Fig. 25), and changes in the internal charac-
teristics of the gage with time. The adjustment is set by filling the tensiometer with water
and then setting the gage to zero while immersing the porous cup to its midpoint in a
container of water. This setting is done at the altitude at which the tensiometer will be used
and it needs to be repeated periodically after installation, either by removing the tensi-
ometer from the soil or by unscrewing the gage and measuring a tension equal to that used

Copyright by ASTM Int (all rights reserved), Mon Mar 26 11:51:48 EDT 2018
Downloaded/printed by
Karen Swanson (U.S. Environmental Protection Agency) pursuant to License Agreement. No further reproductions authorized.

ED_004625A_00113475-00042



STANNARD ON TENSIOMETERS 39
Pressure transducer

Stopper
/ \ /
_\:/_./Water level

7

I

Small-diameter type Hybrid type

o v mme ot v, omms amen e T O
s = S o rm m e b

- Porous cup

CF
3=

FIG. 2¢c—Transducer type of tensiometer.

in the original calibration. The gage then directly reads the tension in the porous cup. Use
of a vacuum gage without an adjustable zero reading could result in inaccurate measure-
ments because the zero reading could become negative and, therefore, would be
indeterminate.

Pressure transducers convert pressure, or pressure difference, into a voltage (or current)
signal. The pressure transducer can be connected remotely to the porous cup with tubing
[22], attached directly to the cup [21,30], or transported between sites [28]. An absolute-
pressure transducer measures the absolute pressure (P;) in its port. A gage-pressure trans-
ducer measures the difference between ambient-atmospheric pressure {P,) and the pressure
in its port (Pp), known as gage pressure. When P, < P,, the gage pressure is identical to
the tension. A differential-pressure transducer measures the difference between two pres-
sures, one in each of its two ports. When used with tensiometers, the second port usually
is connected to the atmosphere; the unit is used as a gage-pressure transducer and it meas-
ures tension.

A calibration equation supplied by the manufacturer is used to convert the measured
signal into pressure or tension at the pressure-transducer port. The tension in the porous
cup and soil is then (Fig. 2¢)

Ty=T,—t- PH0 ™
where
Tw = the average tension in the porous cup and soil, in centimetres of water at 4°C;
T» = the tension in the pressure-transducer port, in centimetres of water at 4°C;
t = the difference in elevation between the pressure-transducer port and the center
of the porous cup, in centimetres; and
oo = the average density of the water column connecting the porous cup and trans-

ducer, in grams per cubic centimetre.
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40 GROUND WATER AND VADOSE ZONE MONITORING

At 15°C, pure liguid water begins to cavitate (vaporize) if its tension exceeds approxi-
mately 970 ecm H,O. If cavitation happens in a tensiometer, liquid continuity is interrupted
and the tension readings are invalid. Water used in tensiometers is deaerated as completely
as practicable, but some impurities and dissolved gases remain that decrease the tension
sustainable by liquid water to about 870 cm H,0 [31]. Thus, the operating range of tensi-
ometers is described by the equation

Te+Ah<870cm (8)
where
T = the tension in the porous cup, in centimetres of water at 4°C; and
Ah = the elevation of the highest point in the hydraulic connection between the porous

cup and the pressure sensor, minus the elevation of the porous cup, in centimetres.

Equation 8 indicates that a trade-off occurs between the depth of installation of the
porous cup and the maximum tension measurable. Equation 8 is approximate; if the water
is insufficiently deaerated, the value 870 would be replaced with a smaller value.

The only tensiometer described thus far that measures absolute soil-water pressure (Py)
directly is the absolute-pressure-transducer type. The others—differential tensiometers—
measure the quantity P, — P,, where P, is ambient atmospheric pressure. The driving
forces for liquid water in the unsaturated zone are the absolute pressure gradient in the
liquid-water phase and gravity (Eq 1). If air moves readily down through the unsaturated
zone, then differential tensiometers can be used directly to determine pressure gradients.
However, if a barometric-pressure change is transmitted readily to one differential tensi-
ometer porous cup and not to another (because of an intermediate confining layer), the
calculated gradient between the two porous cups would be in error. If a porous cup is iso-
lated from the atmosphere by a confining layer, then a time series of soil-water pressures
at the porous cup, calculated with P, constant, will indicate fluctuations that correlate well
with barometric fluctuations. In this case, a recording barometer will provide a record of
ambient atmospheric pressure from which absolute soil-water pressure and pressure gra-
dients can be determined. The resulting time series of absolute soil-water pressures at the
isolated porous cup will be a smoother curve that will indicate real pressure changes in the
water phase.

Richards [16] defined the time constant of a tensiometer as

i
T o= —— 9
XS ®
where
t = the time constant, or time required for 63.2% of a step change in pressure to be
recorded by a tensiometer when the cup is surrounded by water, in seconds;
K. = the conductance of the saturated porous cup, or the volume of water passing

through the cup wall per unit of time per unit of hydraulic-head difference, in
square centimetre per second; and

S = the tensiometer sensitivity, or change in pressure reading per unit volume of water
passing through the porous-cup wall, per square centimetre.
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Also, the porous-cup conductance may be expressed as

kA

where

K_ = the cup conductance, in square centimetres per second;

k = the permeability of the cup material to water at the prevailing temperature, in cen-
timetres per second,
A = the average surface area of porous-cup material, estimated as the mean of the

inside area and the outside area, in square centimetres; and
W = the average wall thickness of the porous cup, in centimetres.

Richards’ [ /6] definition does not apply to a tensiometer buried in soil, because the soil
conductance, K, is in series with X, and usually K, « K_. In fact, an on-site time constant
cannot be defined [27] because the response is not logarithmic because of varying X, during
equilibration. However, the phrase “response time” is used to describe the rate of on-site
response to pressure changes [37]. The term is not to be confused with the time constant
because two tensiometers with equal time constants placed in the same soil can have dif-
ferent response times. For example, if K, = 10 K, and S, = 10§, then r, = r, but if K|
=z K, then response time, > response time,. Nonetheless, 7 as defined here can be used
comparatively to help evaluate tensiometer design. Greater sensitivity, large porous-cup
surface area and permeability, and thin porous-cup walls are characteristics of a tensiom-
eter with a short response time. Use of a sensitive pressure transducer is the most effective
way to decrease response time in a soil of low hydraulic conductivity.

A bubble that interrupts hydraulic continuity between the porous cup and the pressure
sensor will cause a change in the calculated value of Py,

A= (E— EC)PHzo (11)
where
A = the change in the calculated value of P,, in centimetres of water at 4°C;
E, = the elevation of the end of the bubble nearest the pressure sensor, in centimetres;
E. = the elevation of the end of the bubble nearest the cup, in centimetres; and
puo = the density of water adjacent to the air bubble, in grams per cubic centimetre.

If bubbles are detected and measured, these corrections can be made to Py, as calculated
in Eq 4 or 7. Small bubbles that cling to the wall of the tubing and do not block the entire
cross section do not affect the calculated value of P,.

Construction and Applications

The following definitions are used to describe the quality of a measurement and are used
in Table 1 to compare types of tensiometers. The accuracy of a measurement is the differ-
ence between the value of the measurement and the true value. Precision (repeatability)
refers to the variability among numerous measurements of the same quantity. Resolution
refers to the smallest division of the scale used for a measurement and it is a factor in
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STANNARD ON TENSIOMETERS 43

determining precision and accuracy. Hysteresis is that part of inaccuracy attributable to
the tendency of a measurement device to lag in its response to environmental changes.
Parameters affecting pressure-sensor hysteresis are temperatures and measured pressure.

The operating characteristics of commonly available tensiometers vary (Table 1), and
they need to be matched to the specific installation, cost constraints, and the desired qual-
ity of data collection. Complete tensiometers may be purchased from soils and agricultural
research companies, made entirely from parts, or made from parts of commercial units
modified to suit the user’s needs. The advantages and disadvantages of the different types
are discussed in the following paragraphs and in Table 1.

Commercially available vacuum-gage-type units (Fig. 25) usually have a large-diameter
porous cup cemented to a rigid acrylic tube of equal diameter (19 or 22 mm). A vacuum
gage that indicates from 0 to 100 cbars of tension is screwed into the side of the tube,
several centimetres below the top. The space between the vacuum gage and the top of the
tube is a reservoir for air (the water is not deaerated beforehand) to collect. When the water
level inside the tube approaches the vacuum-gage inlet, the tube cap is unscrewed and the
air space is refilled with water. Some vacuum-gage tensiometers have a large water reser-
voir connected to the top of the tube with a spring-loaded valve to simplify refilling.

The major advantage of a vacuum-gage tensiometer is the maintenance of a hydraulic
connection between the porous cup and the gage, even with large quantities of air present.
However, this advantage typically is offset by the use of a vacuum gage with a resolution
of 0.5 cbar (5 cm H,0) and an overall accuracy of 3 cbars (31 cm H,O). The response time
is excellent immediately after all air has been removed, but it slows rapidly as the air res-
ervoir fills up. The construction is fairly durable, but its rigidity can transfer shock and
actually damage the porous cup, cup-tube bond, or hydraulic connection with the soil if
the top is impacted after installation. Although the tube usually is installed vertically, it
can be inclined to a nearly horizontal orientation as long as the zero adjustment of the
vacuum gage is made at the same inclination.

A vacuum-gage tensiometer is used predominantly for irrigation scheduling where
extreme accuracy is not necessary. It is not recommended for measurement of unsaturated
hydraulic gradients [3/]. However, replacement of a standard vacuum gage with a more
accurate, higher-resolution gage, or with an accurate pressure transducer, would improve
the usability of the tensiometer.

In this paper, a tensiometer with a large-diameter cup-tube assembly connected to the
pressure sensor with small-diameter (3.2 mm, for example) tubing is referred to as a hybrid
tensiometer (Fig. 2q). Hybrid tensiometers, like vacuum-gage tensiometers, have a space
at the top of the large tube to collect air. Hydraulic continuity is not broken, unless air
bubbles block an entire cross section of the small-diameter tubing.

Commercial manometer-type tensiometers commonly are hybrid types. Almost all of
the air that enters the tensiometer through the porous cup collects harmlessly at the top.
However, air also tends to be liberated from solution near the top of the manometer, where
the maximum tension occurs; use of deaerated water minimizes air production.

A mercury manometer probably is the most accurate pressure-sensor commonly used in
tensiometers and it never needs calibrating (a water manometer, usable only in special
cases, is more accurate because of a better resolution). Hysteresis in a manometer tensi-
ometer (from surface tension at the interface) is much less than that in a vacuum-gage or
pressure-transducer tensiometer. Thus, the hybrid-manometer tensiometer combines fairly
maintenance-free operation with excellent accuracy.

The major advantages of constructing a manometer tensiometer with small-diameter
tubing are its versatility of on-site application, accuracy, and low cost. Flexible nylon tub-
ing can be routed around obstructions, connecting a porous cup to a gage hundreds of feet
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FIG. 3a—Small porous cup design.

M [

| } |————Tape
| |

I
(!
tt
Water supply tube ] __— Measurement tube

Epoxy ————

__— Metal plate

-

- Porous cup

OO s it s e o ot sy ]

[P PE— AP

o e e e e i e s e o]

A p——

-~

FIG. 3b—Large porous cup design.

away. The installation orientation is limited only by the backfilling capabilities. A typical
design [29] employs two 3.2-mm-diameter (nominal ¥-in.-diameter) nylon tubes directly
cemented with epoxy to a 9.5-mm-diameter (nominal %-in.-diameter) porous cup (Fig. 3a).
The water-supply tube is connected via a shutoff valve to a deaerated water supply and the
measurement tube is routed directly to the mercury reservoir. Manometer sensitivity (S,
Eq 9) is the reciprocal of the cross-sectional area of the manometer tubing; response time
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FIG. 3¢—Porous tube design.

is minimized by using small-diameter tubing. The design is simple, but the epoxy-nylon-
tube bond is somewhat susceptible to rupture from differential movement of the nylon
tubes. A more robust design (Fig. 3b) uses a larger porous cup and a metal plate to separate
the nylon tubes, allowing the epoxy to form a stronger bead around the tubes. A third
design (Fig. 3¢) uses a porous tube, made by cutting the rounded end off a 6.4-mm-diameter
(nominal %-in.-diameter) porous cup. One of the nylon tubes is molded into a “U” shape
with heat, to produce the design in Fig. 3¢. The third design is extremely durable and ver-
satile. The porous tube can be purged of air in any orientation, which is not entirely true
of the first two designs (Figs. 3a and 3b).

Tensiometers tend to collect air bubbles on site that originate from the following: (1)
insufficiently deaerated water; (2) air that diffuses through the water-filled pores of the
porous cup; (3) dissolved gases in the soil moisture that flow into the porous cup during a
wetting cycle; and (4) air that diffuses through the tubing material.

The major disadvantage of the small-diameter designs is that air bubbles can easily block
the entire cross section of the tubing, interrupting hydraulic continuity. Thus, small-diam-
eter designs require frequent purging of air—especially at large tensions. Use of thick-
walled tubing decreases diffusion through the tube wall. Some plastics (such as polyethyl-
ene) are relatively permeable to air and are unsatisfactory tubing material. Use of metal
tubing nearly eliminates air diffusion through the tube wall.

A hybrid-manometer tensiometer can be constructed at a material cost of two thirds to
three fourths of the price of a commercial unit. The cost in Table 1 was determined for
five “cup-tube kits” purchased at a supply company and outfitted with a manometer made
from parts. A cup-tube kit consists of a porous cup cemented to a stoppered acrylic tube
with a fitting that accepts 1.6-mm-diameter (nominal 4s-in.-diameter) manometer tubing.
The manometer tubing extends to the bottom of the acrylic tube. The cost could be
decreased further by assembling the entire unit from basic parts.

Tensiometers equipped with pressure transducers are well suited to collect large quan-
tities of data. Measurements can be made often and recorded automatically by a data log-
ger or a strip-chart recorder, The extreme sensitivity of the pressure transducer results in
the shortest time constant obtainable, making this type of tensiometer ideal for tracking
wetted fronts. However, the extreme sensitivity also causes pressure-transducer tensiom-
eters to be particularly susceptible to transient temperature effects [32] caused by thermal
expansion and contraction of water in the tensiometer. Water that freezes inside a pressure-
transducer cavity will affect the calibration, and it can rupture the unit. Pressure transdu-
cers (and above-ground connecting tubing) can be enclosed in an insulated (and, if need
be, heated) shelter or surface pit to minimize temperature fluctuations. The shelter or pit
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needs to be located so that it does not disturb the natural flow field at the porous cup or
cups.

The sensing elements of a typical pressure transducer are semiconductive resistors,
embedded in a diaphragm that moves from applied pressure. As the resistors shorten or
lengthen, their resistances change. Inherently, the resistance is a nonlinear function of pres-
sure (or pressure difference) and temperature. The resistors are included in a modified
Wheatstone bridge, excited by a regulated voltage (or current) source. The output of the
bridge is a nearly linear function of pressure that is nearly independent of temperature;
however, all pressure transducers retain some nonlinearity and a slight temperature depen-
dence [33]. In addition, the zero offset and, to a lesser extent, the sensitivity may change
with time (known as drift), possibly requiring recalibration at regular intervals [33]. Other
sources of error are repeatability and pressure and temperature hysteresis effects {33]. On-
site application determines the required pressure-transducer specifications; for example,
gradient measurement normally warrants a more accurate transducer than simple pressure
measurement does.

A large degree of accuracy may be achieved in a variety of ways. A sophisticated pressure
transducer costing $700 to $800 typically has an overall accuracy of 1 cm H,O at 23°C, and
a temperature coefficient of 0.07 cm H,O per degree Celsius. Without temperature correc-
tion, a worst-case error (at 0°C) of 2.6 cm H,O could result. At the other extreme, a simple
pressure transducer can be purchased for about $50, and its output can be corrected for
nonlinearity and temperature dependence by measuring the temperature and applying a
second-order polynomial fit to the measured data {34]. The decreased linearity and tem-
perature errors, combined with a typical repeatability and hysteresis error of 1.5 cm H,0,
produce a root-sum-square error of 1.8 cm H,0. Such a transducer is listed in Table 1. Of
course, the same curve-fitting procedure can be applied to a pressure transducer with better
repeatability and hysteresis to achieve greater accuracy.

The accuracies determined in the two examples just discussed are degraded further by
drift or lack of long-term stability. If a long-term-stability specification cannot be supplied
by the pressure-transducer manufacturer, much of the data collected may be inaccurate. A
long-term-stability specification is used to determine how often a transducer needs to be
recalibrated to maintain desired accuracy. A hanging column of water or mercury (or a
calibrated vacuum source) is used for periodic recalibration.

Air that collects in an automatic-tensiometer system can be purged manually or auto-
matically at regular intervals using solenoid valves triggered by a data logger. Air collects
more rapidly when tension is greater; on-site experience will determine the necessary time
interval to maintain desired accuracy. The time interval can be maximized by using hor-
1zontal sections of tubing at high points in the system. Bubbles that collect in these hori-
zontal sections do not cause errors but they do increase the response time.

Porous cups used in tensiometers remain saturated during normal operation. If the dif-
ference between air pressure outside the porous cup and water pressure inside the cup
exceeds the bubbling pressure of the cup, air will displace the water in the largest pores and
eventually will enter the interior of the cup. The most common bubbling pressure of ten-
siometer cups is 1 bar (1020 cm H,0). Porous cups with bubbling pressures of 2, 3, and 5
bars are available, but they only have applications in the laboratory. If on-site tensions are
known not to exceed 0.5 bar, a porous cup with a 0.5-bar bubbling pressure can be used to
decrease response time. However, a better way to decrease response time is by the use of
commonly available, “high-flow™ porous cups, made with a pore-size distribution that
emphasizes the larger pores. (The cost of a porous cup is between $2 and $15; larger porous
cups are more expensive than smaller ones, and high-flow cups are more expensive than
standard-flow cups.)

camgoReCializeditensiomeiers have beer developed to address specific on-site problems. Peck
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and Rabbidge [24] extended the upper limit of measurable tension by using a reference
solution with a low osmotic potential and a porous cup coated with a semipermeable mem-
brane. The large solute molecule, polyethylene glycol, cannot pass through the membrane,
but smaller molecules and ions typically found in soil water can pass through. Using a
pressure transducer, soil-water tensions as large as 153 m H,O (15 bars) can be measured.
The solution in the tensiometer is usually under positive pressure, thus decreasing the
problem of air invasion. However, the pressure can be quite large and it could cause per-
manent “creep” of the transducer diaphragm. Depolymerization of the solute and subse-
guent loss through the membrane also could cause creep. Ambient temperature affects the
osmotic potential directly (as qualitatively predicted by van’t Hoff’s law) and indirectly by
causing flow of water through the membrane. Thus, an osmotic tensiometer is valuable for
measuring extremely low matric potentials, but some sources of measurement error are
unique to it.

The U.S. Forest Service developed an inexpensive recording tensiometer for use in
remote areas where electric power is unavailable [25]. This instrument can record as much
as one month of continuous data on a battery-driven rain-gage chart. Oaksford [27]
designed a unit based on a coaxial water manometer that provides maximum sensitivity
at depths as deep as about 6 m. This unit uses a calibrated wire and ohmmeter to sense a
below-ground, free-water surface inside the unit.

Fluid-scanning switches have been used successfully [23,32,35,36] to connect as many
as 22 tensiometers sequentially to a single pressure transducer. The approach minimizes
cost and removes bias between tensiometers. Equally relevant, this network has the capa-
bility of measuring a zero and a full-scale calibration tension before each scan. This capa-
bility removes measurement errors from hysteresis, temperature dependence, and long-
term drift. However, if the pressure transducer fails, data from all its tensiometers are lost.
Also, the scanning switch is made with precise tolerances and it may develop leaks over
time.

Another approach to efficient data collection with large numbers of tensiometers [28,37]
is to connect a portable pressure transducer to each tensiometer using a hypodermic needle
and septum. The needle tip is inserted in an air space above the tensiometer fluid. A small
change in tensiometer pressure is caused by the connection, probably affecting measure-
ments by a few centimetres of water. Also, changes in the fluid-surface elevation, although
small, affect measurements directly unless the changes are accounted for.

A small proportion of water in a frozen soil may remain liquid and, therefore, mobile.
Measurement of tension in frozen soils can be accomplished using a pressure transducer
and ethylene glycol [26] as a tensiometer fluid. The pressure transducer minimizes
exchange of fluid between the soil and tensiometer, but slight bulk flow and diffusive flux
do occur, which decrease the freezing point of the soil fluid. The osmotic tensiometer prob-
ably will work well in frozen soils.

Porous cups have been connected directly to pressure transducers; the internal cavity
has been filled with deaerated fluid and the entire assembly has been buried in a soil, with
no provisions for purging of the fluid [21,30]. Although this approach provides a stable
temperature environment, the pressure transducer cannot be recalibrated readily for drift.
Also, soil gas diffusing through the porous cup creates an air pocket in the cavity. Because
this pocket is at a pressure less than that of the soil gas, air will continue to diffuse through
the porous-cup wall, eventually emptying the cup of water. A purging system is needed for
extended undisturbed operation.

The specialized tensiometers developed thus far have resulted from insight and persis-
tence of researchers faced with particular problems. Most of these solutions require extra
effort, care, and expense; review of the cited report or reports is needed before
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Installation

Continuous hydraulic connection between the porous cup and the soil [/7] and minimal
disturbance of the natural flow field are essential to collection of accurate tensiometric
data. When a hole is made to accept the tensiometer, the cuttings need to be preserved in
the order in which they were removed if the hole is to be backfilled.

Hydraulic connection can be established in several ways. Commercial tensiometers fit
snugly into holes made with a coring tool (available as a tensiometer accessory) or made
with standard iron pipe. The porous cup is forced against the hole bottom and no backfill
is used. When the soil is rocky, or when a small-diameter tensiometer is installed, a hole
larger in diameter than the porous cup is excavated. If the soil at the bottom of the hole is
soft, the porous cup may be forced into the soil. A hard soil sometimes can be softened
with water. If the porous cup will not penetrate the moistened soil, the last cuttings from
the hole need to be used to backfill around the cup, either by making them into a slurry or
by careful tamping. A tremie pipe ensures clean delivery of cuttings or slurry to the bottom
of the hole. Gaps between the porous cup and soil increase the tensiometer response time
by reducing the effective area of the porous cup. In the worst case, no hydraulic connection
occurs and the tensiometer will not indicate the soil-water tension.

If water is used to establish hydraulic connection, the tension adjacent to the porous cup
will be reduced, and it will recover asymptotically as the added water is dispersed in the
soil. The rate of dispersal will depend on the K (Eq 1) of the soil, and a time series of
tension will indicate when natural conditions are restored sufficiently.

If vertical profiles or gradients of pressure are to be measured, multiple small-diameter
tensiometers can be installed in a single hole. Ideally, the original lithology is duplicated
(except that gravel larger than 6 mm in diameter and cobbles and boulders can be
removed) by using the cuttings in reverse order for backfilling. A backfill that is more com-
pacted than the undisturbed soil will tend to shed infiltrating water, but, after a short time,
the tension in the undisturbed soil and in the backfill will be in equilibrium. A backfill that
is less compacted than the surrounding soil, or one with excessive gaps, will be a conduit
for infiltrating water, resulting in abnormally low tensions in the backfill and in the undis-
turbed soil. Therefore, compaction of the backfill to a slightly greater bulk density than
that of the undisturbed soil is desirable. Less permeable layers (such as clay lenses) need
to be reproduced or even exaggerated by importing a fine-grained material.

Installation of tensiometers at depths where Eq 8 is not satisfied can be accomplished by
drilling horizontal holes radially from a central caisson hole. This method also preserves
undisturbed conditions above and below each porous cup. Backfilling horizontal holes
with a tamping rod is painstaking. An alternative is to backfill in the vicinity of the porous
cup and to fill the remainder of the hole with an expanding insulation foam. Pressure trans-
ducers work particularly well in caisson holes. If the entire length of tubing connecting the
porous cup to the pressure transducer is horizontal, air bubbles do not cause errors. Also,
the problem of transducer sensitivity to temperature change is minimized because the tem-
perature in the caisson hole remains relatively constant. A caisson hole allows use of water
manometers for improved precision because the entire manometer can be placed below
the level of the porous cup.

Operation

Testing the porous cup, the porous cup-tubing interface, and all fittings before installa-
tion is desirable. After the porous cup is saturated, air pressure is applied to the interior of
the tensiometer while the parts to be tested are submersed. If bubbles appear at a gage
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pressure substantially less than the bubbling pressure of the porous cup, the unit is faulty
and the appropriate parts need to be repaired or replaced.

Water used in tensiometers is deaerated in a carboy by applying a vacuum or heat or
both. Excellent results have been obtained using a pump that generates a 970-cm H,O
vacuum with a heated magnetic stirrer for 48 h. Insufficiently deaerated water requires
frequent on-site purging or, in the worst case, allows bubbles to form before a tensiometer
has reached equilibrium, thus preventing accurate data collection. The deaerated water is
siphoned (to minimize reaeration) from the carboy to a collapsible plastic container (avail-
able at a sporting goods store) for on-site use. Although the air above the water is forced
out the spout immediately, the water reaerates slowly by diffusion of air through the con-
tainer wall. Proper fittings connect the container spout to the tensiometer supply tube.

A small-diameter tensiometer is purged by connecting the water supply container to the
water supply tube and raising it above the top of the tensiometer while opening the supply
valve. Several tensiometers can be connected in a “T” network to simplify multiple purg-
ing. Purging instructions for vacuum-gage and hybrid tensiometers are supplied by the
manufacturer. These instructions can be modified if use of deaerated water is desired. Purg-
ing time needs to be short to minimize wetting of the soil immediately surrounding the
porous cup. When purging is complete, the system is closed and the soil draws water
through the porous cup until equilibrium is established. The pressure inside the porous
cup approaches the soil-water pressure asymptotically at a rate determined by the time
constant and the unsaturated hydraulic conductivity of the soil. When equilibrium is
reached, the measurement is made. A single value of pressure is recorded when using a
vacuum-gage or pressure transducer; a manometer requires measurement of the mercury
column and reservoir elevations.

The most reliable data are obtained by purging a tensiometer and allowing it to equili-
brate before recording the measurement. However, wet soils, lack of wetting fronts, low-
permeability tubing, or thoroughly deaerated water tend to prevent air accumulation for
long periods; these conditions, either singly or in combination, permit reliable data collec-
tion without purging.

Dry soils or inadequate manometer design, or both, occasionally result in mercury being
pulled over the top of the manometer and into the porous cup. The porous cups shown in
Figs. 3a, 3b, and 3¢ may be purged of mercury by applying pressure to the measurement
tube, thus forcing mercury out the supply tube. Pressure applied to the top of a hybrid
tensiometer will force the mercury out the measurement tube.

Porous cups that are removed from a soil in order to be reused need to be washed with
warm water to prevent plugging of the pores. A porous cup with plugged pores possibly
can be restored by sanding or rinsing in a weak HCI solution [30).

Summary

Measurement of soil-moisture tension has extensive applications in quantification of
flow in the unsaturated zone. Tensiometers directly and effectively measure soil-water ten-
sion, but they require care and attention to detail. In particular, installation needs to estab-
lish hydraulic connection with minimum disturbance, and air invasion needs to be nulli-
fied continually.

A variety of tensiometer designs are available [38]; some can be purchased commercially
and some can be constructed from parts. The three basic components of a tensiometer are
a porous cup, a connecting tube, and a pressure sensor. Component selection is determined
by on-site constraints, the required accuracy, and the cost.

Pressure transducers allow the automated collection of large quantities of data. How-
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ever, the user needs to be aware of the pressure-transducer specifications, particularly tem-
perature sensitivity and long-term drift. On-site measurement of known zero and “full-
scale” readings is probably the best calibration procedure; however, on-site temperature
measurement or periodic recalibration in the laboratory may be sufficient. The normal
range of application of tensiometers can be extended to include measurements of extremely
large tensions, in subfreezing temperatures, and at depth, but not without a substantial
investment of effort and money.
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ABSTRACT: Experiences at Superfund sites in the metropolitan area of Phoenix, Arizona,
have shown that installing and testing monitor wells in urban environments present special
problems for the hydrogeologist and the well driller. Access is difficult to obtain, and noise,
dust, water, and mud must be carefully controlled. Underground utilities must be accurately
located prior to drilling, and overhead power lines are safety hazards to drilling rigs and
pump rigs. Disposal of drilling fluids and cuttings, site cleanup, and well termination require
special attention. Special permits or agreements may be required for drilling in urban areas;
these include a permit to work in the public right-of-way, agreements with private land own-
ers, a permit to discharge water from aquifer testing into the sewer system or surface waters,
and a permit to obtain drilling water from fire hydrants. Traffic control barricades, police,
and private security guards may be necessary to protect public safety. Some drilling methods
are not practical in urban areas, and others may have to be modified. In comparison with
rural areas, drilling and testing programs in urban areas require significantly more advance
planning and are more costly.

KEY WORDS: ground water, monitor wells, drilling, testing, urban areas, permits, cable
tool, auger, mud rotary, air rotary, dual-wall reverse circulation

Many sites of contaminated ground water are in urban areas or cities. Industries and
businesses use large quantities of chemicals, and spills or leaks are inevitable. Contaminant
plumes extend downgradient beneath buildings, streets, parking lots, and residential areas.

Characterizing the magnitude and extent of ground-water contamination in urban envi-
ronments presents a new set of challenges to drillers and geologists, who are more accus-
tomed to working in undeveloped or rural areas. Technical concerns may become second-
ary to such issues as the following:

@ Site access

@ Right-of-way permits

@ Control of noise, dust, water, and mud
@ Public safety

Careful advance planning is required to address these issues satisfactorily. The objective
of this paper is to discuss some of the more important considerations. This discussion 1s
largely based on experiences of the author’s company, Dames & Moore, in the Phoenix
metropolitan area. Completely satisfactory solutions have not yet been found to some of

! Associate hydrogeologist, Dames & Moore, Phoenix AZ 85020.
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56 GROUND WATER AND VADOSE ZONE MONITORING

the problems, but a description of the methods we have used to try to resolve these issues
may help others who are undertaking their own programs.

Special Considerations in Drilling
Site Access

Access and room to work are significant problems when drilling in urban areas. Sites
must be carefully selected in advance, and questionable locations should be inspected by
the driller. Available clearances should be measured and compared with the clearance
requirements for the drill rig and support vehicles. Selecting a location for a monitor well
in an urban area is more complicated than simply drawing a circle on a map.

Monitor wells cannot legally be installed on private land without a license, lease, con-
tract, or some form of agreement with the land owner. In residential areas, numerous
agreements may have to be negotiated with individual homeowners. In commercial or
industrial areas, the occupant of the property may not be the owner. Dealing with absentee
landlords can be particularly time consuming; negotiations can take months.

The agreement with the landowner can be a simple letter which states the terms of the
agreement and is signed by each party (or both parties). It should clearly state the antici-
pated purpose of the monitor well, the drilling schedule, and the proposed monitoring fre-
quency. Terms of indemnification and limits of liability should be included. The biggest
concern of most private landowners is the impact on resale value, so the proposed surface
completion should be stipulated. Disposition of cuttings and water should also be
addressed.

Guidelines for payment are difficult to define. Some homeowners view a monitor well
as a status symbol, but others worry about the negative impact on resale value and demand
a substantial fee. One approach to negotiations is not even to discuss payment; if the owner
brings it up, then a low, but reasonable offer can be made. The author’s company has found
that a “sign-up bonus” and an annual payment is an effective negotiating strategy with
some landowners. The bonus is paid as soon as the agreement is signed; the first annual
payment is made when the well is completed, and annual payments are made for as long
as the agreement is in effect.

The length of time during which the agreement is in effect should be stated in the agree-
ment. Two to five years with annual renewals has worked well for Dames & Moore. Our
agreements also state the cancellation provisions. Either party can usually cancel the agree-
ment with 60 days notice to the other party, and we agree to decommission the well if the
agreement is canceled and the property owner wants the well abandoned.

Public lands are sometimes more favorable as drilling locations than private lands, par-
ticularly in areas where contaminated ground water is a divisive issue. Access to private
lands may not be available at any reasonable price. If state or federal regulatory agencies
are involved in the investigation, drilling sites on private land can be obtained by condem-
nation, but public lands may be a more attractive alternative.

Public lands include streets, sidewalks, alleys, parks, government-owned buildings and
adjacent parking lots, drainage facilities, and canals and canal banks. However, to obtain
access to these lands, approval from a government agency is necessary and significant
delays may occur.

Most municipalities have a special department to deal with requests to work in public
rights-of-way such as streets or alleys. However, procedures to deal with requests to work
on other public-owned lands are not well established. No bureaucrat may have the author-
ity to grant permission. For example, Dames & Moore made a request to drill a monitor
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well in a city-owned equipment storage yard. However, the request was not acted on for
several months. The delay took place even though the storage yard was used by the City
Water Department, which had a representative on the Ground-Water Study Review Com-
mittee. No one in the Water Department was willing to accept the responsibility to grant
permission. As the drilling rig was mobilizing, the company finally had to contact the
mayor of Phoenix. Permission was obtained.

Right-of-Way Permits

Permits are required to drill on public rights-of-way, and municipalities in the Phoenix
area have special permitting departments to deal with requests. Requests to drill monitor
wells are handled in the same manner as requests to repair a sewer or perform other work.
A permit application is filed along with a plan showing where and how the work will be
conducted. A processing fee and a bond are also required. In Phoenix, the bond is in the
form of a cash payment equal to one-tenth the estimated value of the work. The purpose
of the bond is to ensure that the work is completed in accordance with the plans. If not,
the bond is forfeited, and the city will correct the work.

Public rights-of-way include streets, sidewalks, and alleys. Most streets do not occupy
the full public right-of-way, so a strip of unpaved public land is usually available next to
the street. A sidewalk may be present, and the remaining land is usually used by the private
landowner. In residential areas, homeowners generally regard this strip of land as their
own.

The unpaved portion of the public right-of-way can provide favorable drilling locations.
Monitor wells in streets or alleys must be installed below grade in traffic-rated vaults.
Sometimes, a sewer manhole with a cast-iron lid is required by the city traffic department.
The expense of this type of installation can be avoided by drilling on public land adjacent
to the street. Furthermore, installation and subsequent monitoring can be conducted with-
out the traffic hazard associated with a location in a street.

Drilling in the strip of public land adjacent to the street has some disadvantages. Under-
ground and overhead utilities are frequently present. Underground utilities can be carefully
located and avoided, but the presence of overhead power lines may disqualify a site. The
width of the publicly-owned strip is usually only 3 to 6 m, which is too narrow to provide
adequate clearance between the mast of a drill rig and overhead power lines. Homeowners
may be opposed to monitor well installations in what they regard as their front yards. A
good public relations program with newsletters, fact sheets, and public meetings can help
reduce opposition to these installations.

Utilities

The presence of utilities is another source of delays and problems when drilling in urban
areas. Overhead utilities can be readily identified and avoided. If necessary, they can be
rerouted, although the expense of rerouting even a short section of an overhead power line
can greatly exceed the cost of drilling and installing a monitor well. Underground utilities
are less obvious. However, utility companies will identify the locations of underground
utilities when requested. A 24 to 48-h advance notification may be required.

In urban areas, most utility companies participate in a notification center. In Phoenix,
this center is called the Blue Stake Center, and it relays underground location requests to
the participants who have utilities in the area. Not all utilities participate, however. In
Phoenix, the company has to notify the city sewer and water departments individually.
Underground traffic signal facilities also may not be included in the Blue Stake service.
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58 GROUND WATER AND VADOSE ZONE MONITORING

Interstate utilities such as pipeline companies and AT & T may not participate. During
one drilling project in Phoenix, phone service to several million users was interrupted
when a transcontinental phone cable was damaged.

Utility companies will only identify the locations of underground utilities up to the point
where their service ends. On industrial or commercial sites, private underground piping is
present which must be located without the assistance of the utility companies. Plant rec-
ords and drawings may be out-of-date or inaccurate. Under some conditions, the best way
to avoid these pipes is to dig the upper part of the hole carefully by hand. However, in cold
climates, where pipelines are buried 1.5 m or more to avoid freezing, this approach may
not be practical.

Noise, Dust, Water, and Mud

Noise, dust, water, mud, and other emissions are associated with drilling, testing, and
sampling operations at monitor well locations. These emissions may be a nuisance or they
may pose a health risk. If ground water is contaminated, then cuttings, drilling fluids, and
water produced during sampling and testing may be a hazardous waste.

Noise is a special problem is residential neighborhoods. Impact noise and engine noise
are both associated with drilling. Of the two, impact noise associated with operations such
as driving casing and casing hammers is the most difficult to control. Mufflers, shrouds,
and sound-absorbing curtains or walls can be used to control noise, but they can decrease
the efficiency of drilling operations and increase the cost. A shrouded engine can overheat;
some enclosed air compressors cannot be operated in hot weather with the shrouds in
place.

In some municipalities, noise ordinances are used to control noise. Construction work
which generates noise may be restricted to certain daylight hours. In other municipalities,
noise is covered by nuisance ordinances. These are less specific than noise ordinances,
which establish standards for noise levels.

The author has found that the best approach to the noise issue in urban areas is (1) to
select the most quiet drilling method possible, particularly in residential neighborhoods;
(2) not to operate at night, when the level of background noise is low; and (3) to select
drilling locations as far from residences as possible.

Control of dust, mud, and water is relatively easy and is largely a matter of good house-
keeping at the drill site. Water injection will control dust when drilling with air. Portable
pits are usually used when drilling with mud or water in urban areas, and spills can be
cleaned up with sand or other adsorbent material.

Disposal of the cuttings, drilling mud, and water produced during drilling and testing of
monitor wells can be costly and time consuming. If contaminant levels are high, these
materials may have to be disposed of as hazardous waste. At sites where ground water is
contaminated with volatile organics, the author’s company has used all of the following
procedures at one time or another to dispose of drilling fluids and cuttings:

@ Spreading contaminated cuttings and drilling mud in a thin layer on bare soil; the
contaminants volatilize.

@ Decanting the drilling mud and discharging the water to the municipal sewer system
with or without prior treatment by forced aeration and disposing of the remaining
sludge as hazardous waste.

@ Disposing of all of the drilling mud and cuttings as hazardous waste using gondolas
or drums.
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These procedures are listed in order of increasing cost; however, use of the first two
methods may violate hazardous waste disposal regulations.

Public Safety

Drilling operations on public rights-of-way usually interfere with pedestrian or vehicular
traffic. City traffic departments have regulations regarding the placement of temporary traf-
fic control devices, such as barricades, flashers, and warning signs. These regulations are
designed to protect workers as well as the general public.

Traffic department regulations may prohibit or severely restrict working in certain areas.
These areas include signalized intersections and multiple-lane streets. Completely blocking
local access should also be avoided, particularly if access to a fire station, police station,
school, or hospital is affected. In some situations, the regulations may require a police offi-
cer or flagman. If a police officer is needed, an off-duty officer will have to be hired; the
city will generally not provide one.

Special precautions are normally required to protect the public if a drill rig is left over-
night at a well location. An unattended drill rig is an attractive nuisance, especially to chil-
dren. Vandalism and theft are also likely to occur in some urban areas. Therefore, some
form of security is required. Temporary construction fencing is one way to provide drill
site security, but few drill sites in urban areas are large enough to allow use of a fence, and
the equipment is usually not on one location very long. Setting up and taking down fences
could become time consuming, The company has had reasonably good success with secu-
rity guards provided by commercial security services. Guards can usually be provided on
a few hours notice, and normal rates in the Phoenix area are about $10 per hour. The
security benefit that they provide is sometimes questionable, however. The best that can
be expected is that their presence at the well location will deter casual visitors and that they
will report any unusual occurrences.

Drilling Water

Some drilling operations require several thousand gallons of drilling water daily. A water
truck is usually used to haul water to the rig, and if one wishes to avoid a lengthy wait
while filling the truck, a source which can supply water at a rate of about 0.5 L/s or more
is necessary.

In urban areas, an adequate supply of drilling water is relatively easy to obtain with
proper advance planning. City water departments allow the use of municipal fire hydrants
to obtain water for construction purposes. When using a fire hydrant, a 10 000-L water
truck can be filled in about 15 min, To use a fire hydrant, a permit application must be
submitted to the city’s water department. The application will have to be accompanied by
a processing fee, and most cities also require a water meter deposit for a temporary meter.
City crews install the meter on the fire hydrant. The permit allows the driller to obtain
water only from the designated hydrant; use of any others is illegal. The water department
will usually charge a nominal fee for water usage.

At industrial facilities, a private fire system may be present. These systems may be con-
nected to the plant fire alarm, which will activate if the pressure drops. Therefore, for fire
safety purposes, use of these systems to obtain drilling water may not be possible.

Well Termination
In urban areas, wells are normally completed so that casing does not extend above the
existing grade. Many wells are drilled in parking lots, streets, or alleys; therefore, well cas-
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ing which extends above the existing ground surface is a traffic hazard. An at-grade or
below-grade completion also reduces the problem of vandalism.

Many techniques are available for completing wells below the grade. In a street or alley,
the city traffic department may require that the well be completed in a manhole. However,
manholes are expensive, and access to such wells is difficult. Manhole covers are heavy
and awkward to handle.

In lightly traveled areas, the author’s company has successfully used precast concrete
meter boxes to enclose the wells, These are available in a wide variety of sizes. The lids
are usually constructed of steel which is 3 to 6 mm thick; precast concrete lids are available
for some boxes, but they do not stand up well under heavy use. The main disadvantages
of the boxes are that they require a relatively large hole for installation and they tend to
collect water and trash. However, they are relatively inexpensive.

Very neat and attractive at-grade completion is possible by using the combination of a
guard pipe with a tamper-proof cap, which is available from some equipment suppliers.
These caps are watertight and secured to the guard pipe with various types of tamper-
resistant bolts. They are easy to install and relatively inexpensive. However, they cannot
be locked, and for this reason, they are not used in public areas.

Selection of Drilling Methods

Drilling equipment for monitor wells is selected on the basis of its ability (1) to obtain
accurate representative samples of soils and rock and (2) to construct a well that allows
collection of representative ground-water samples. In urban areas, drilling equipment must
also be compatible with the environment. Therefore, in some instances, equipment and
methods may be selected that are less than optimum in terms of speed or cost. The flexi-
bility and adaptability of the equipment and the crew are also critical factors to consider.
To a driller who is used to working in rural areas, the frustrations of drilling in the city
may be insurmountable. In this section of the paper, the relative advantages and disad-
vantages of different types of drilling equipment are discussed. These are summarized in
Table 1.

TABLE 1—Comparison of drilling methods, showing their advantages and disadvantages.

Dual-Wall
Mud Air Cable Reverse
Factor Auger Rotary Rotary Tool Circulation
Maneuverability and good poor fair good fair
size
Noise good fair poor good very poor
Dust, water, mud good poor poor fair poor
Use of water” good poor fair fair good
Disposal of cuttings and good poor fair good fair
fluids
Public safety good poor poor fair poor
Drilling in bedrock poor good good good poor
Drilling in boulders poor fair poor good good
Drilling below the water good good fair good fair
table
Deep drilling (> 50 m) poor good good good’ fair

4 Refers to the need for large quantities of water for drilling. This is a disadvantage in urban areas.
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Cable Tool

Cable tool drilling is one of the oldest drilling methods which is still in widespread use.
The method is slow, but it has several advantages for monitor well drilling in urban areas.
The engine noise is low; no compressors or mud pumps are required. Driving casing does
generate noise, but the levels are moderate in comparison with pneumatic or diesel casing
hammers. Furthermore, cable tool rigs are small, and their clearance requirements are not
excessive. Many are mounted on short, maneuverable, semitrailers. Cable tool drilling also
does not generate large amounts of cuttings or drilling fluid, and the method is adaptable
to most subsurface conditions, from granite to caving boulders.

The disadvantages of cable tool rigs are well known. They are slow; a drilling rate of 5
to 8 m a day is typical in alluvium in the Phoenix area. Undisturbed soil samples are
impossible to obtain because the bit crushes soils several feet below the bottom of the hole.
Some cable tool rigs require guy lines for support of the mast, and space may not be avail-
able in urban areas.

Auger Drilling

Auger drilling is the most practical method for soil sampling and monitor well installa-
tion in urban areas where drilling conditions are suitable. The method is relatively fast and
allows accurate sampling; with hollow-stem augers, small-diameter monitor wells can be
readily constructed. The noise levels are low, the equipment is small and maneuverable,
and the drilling method does not generate excessive amounts of cuttings or fluids. The
biggest disadvantage to auger drilling is that it cannot be used to drill rock, well-developed
caliche, or boulders. In the alluvial basins in the Southwest, its inability to drill through
caliche and boulders is a significant shortcoming.

Mud Rotary

Mud rotary is the cheapest method of drilling a hole in the ground in many circum-
stances. It is fast and can be adapted to most subsurface conditions. However, it is gener-
ally not the most suitable method for monitor well drilling because of several factors: (1)
undisturbed soil samples cannot be easily obtained; (2) the use of drilling fluid presents an
opportunity for extensive cross-contamination in the drill hole; and (3) the drilling mud
invades water-bearing formations and affects the quality of subsequent water samples.
Additional disadvantages in urban areas are the noise level and the use of relatively large
quantities of drilling fluids. Furthermore, the method is inherently messy, and the space
requirements are greater than those of other methods. If a casing hammer is used to control
caving, it also adds to the noise level. However, under some drilling conditions, mud rotary
may be the only practical drilling method to use.

Air Rotary

Where it is practical, air rotary drilling is generally preferred to mud rotary for monitor
well construction because the problems associated with mud invasion and cross contami-
nation are eliminated or minimized. However, the method is not necessarily well suited
for drilling in urban areas. Air compressors are noisy, and they require additional space at
the drill lecation if they are not mounted on the rig. Air rotary drilling can be very messy
when drilling below the water table, and large volumes of contaminated water may be
produced.
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Dual-Wall Reverse Circulation

In the Phoenix area, the percussion method of dual-wall reverse circulation drilling has
become a popular method for monitor well installation in the past three or four years. The
drilling equipment, which is also known as “center stem recovery,” “center sample recov-
ery,” or “Becker rig,” is used extensively for sampling and monitor well construction in
alluvial soils. It can rapidly penetrate a wide variety of unconsolidated materials using a
dual-wall drill pipe and a diesel hammer. The pipe is equipped with an open-faced bit, and
air is forced down the annulus between the drill pipes. Cuttings are blown up the center,
and boulders nearly as large as the inside diameter of the drill pipe can be lifted to the
surface.

Although the rig is fast and efficient, it is not particularly well suited to drilling in resi-
dential areas. The diesel hammer is smoky, and a fine layer of soot is deposited on surfaces
near the rig. The casing hammer and the air compressor are also extremely noisy. How-
ever, the method is very fast, and under some drilling conditions, such as the presence of
boulders, it may be the method of choice. For example, one day of the noise associated
with the diesel hammer may be preferable to four or five days of cable tool drilling,

The method cannot be used to drill rock, and it is practical only at depths of about 60
m or less,

Aguifer Testing

Aquifer testing in urban areas can be even more of a logistical challenge than well drill-
ing, especially when tests are conducted by pumping. In Phoenix, the alluvial aquifer is
extremely productive, and many monitor wells are tested by pumping at rates of 1 to 10
L/s for periods of several hours to several days. Large quantitics of water are produced,
and the water is usually contaminated to some degree.

At higher flow rates, extensive treatment of test water prior to discharge is impractical.
Limited aeration can be induced at high flow rates by constructing baffles and drop struc-
tures in the discharge channel. This has been used successfully in Phoenix to remove low
concentrations of volatiles from water that was discharged from a dewatering system at a
rate of several thousand gallons per minute. For water containing concentrations of vola-
tile contaminants in the range of a few hundred to several thousand parts per billion, aer-
ation towers are necessary to provide sufficient stripping. These can be rented, but the cost
may be difficult to justify for aquifer testing.

In urban areas, the municipal sewer is a possible option for disposal of contaminated
water. Large municipal sewage treatment plants receive flows of 600 L/s or more, and a
temporary discharge of contaminated water from an aquifer test can usually be treated.
However, permission must be obtained from the sewer department, and they will probably
want an analysis of the water prior to granting permission to allow a discharge. The treat-
ability of the water and the discharge rates are potential concerns. Many municipal sewers
flow at or above design capacity; additional flow will cause the system to back up.

Discharge to the municipal sewer system is not always practical. It requires access to a
manbhole, and these are frequently in the middle of a street. The cost of installing a tem-
porary sewer tap is difficult to justify, and problems with permits could be time consuming.
Therefore, the author’s company has also discharged water from pump tests into irrigation
canals after pretreatment. Water analyses are necessary to show that the treated water will
not be harmful to crops. Discharge into surface waters via storm sewers or a natural drain-
age is also possible, but a permit from the National Pollutant Discharge Elimination Sys-
tem (NPDES) is required, and pretreatment requirements are stringent.
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TABLE 2—Permits and agreements required.

Permit or Agreement Reason for Requirement
Well permit and aquifer testing permit Required for drilling and testing a well or
boring anywhere, not just in urban
areas.
Right-of-way permit Required for drilling on public rights-of-

way. Obtained from the city, county,
flood control district, irrigation district,
etc. May need more than one.

Discharge permit Needed to discharge water or mud to sewer
system or surface waters.

Water permit Used to obtain water from a fire hydrant.

Property owner’s agreement Needed to drill on private property.

In addition to aeration, the company has also used granular activated carbon (GAC) to
treat highly contaminated water from aquifer tests. Carbon removes volatile organic com-
pounds and also reduces the concentration of hexavalent chromium. Portable GAC units
can be rented, but they are rather costly. We have purchased small units to treat flows of
about 2 L/s. Units with a 0.6-L/s capacity were connected in parallel. Each 0.6-L/s unit
costs about $4,000.

Removal efficiencies of 99% or more are possible with GAC. When the carbon is spent,
the units are disposed of as hazardous waste.

Summary

In urban areas, monitor well construction is considerably more complicated than in rural
environments. Advance planning is required to deal with issues such as site access, per-
mits, and public safety. Seemingly insignificant items, such as disposal of water, can cause
very significant delays in the drilling schedule. Table 2 summarizes some of the permit
requirements. The net effect is that costs for drilling will tend to be higher in urban areas
than in nondeveloped areas.

Drillers and geologists who are not used to working in the city will tend to underestimate
the time and costs required for construction and testing of monitor wells. The discussion
in this paper should help identify some of the more important factors to consider when
preparing estimates.

Monitor well construction and testing in urban areas does have some advantages. The
job site can be close to home, repairs and replacement parts for drilling equipment are
readily obtainable, and communication between the client, owner, consultant, and driller
is enhanced. As more ground-water monitoring programs are initiated in cities, drilling in
urban areas will probably become a speciality field for drillers and geologists.
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ABSTRACT: Well screens and filter packs are used extensively in the water well industry.
Water supply wells are designed with large diameters to accommeodate high-capacity pumps
for municipal, industrial, and irrigation uses. Monitoring wells serve a different purpose, and
therefore have some different design requirements. Monitoring wells are used to collect
ground-water samples for chemical evaluation and are typically smaller in diameter and have
shorter screened intervals. Monitoring well design, particularly for well screens and filter
packs, must meet specific requirements. Unlike water wells, monitoring wells usually have
an artificial filter pack between the formation and the well screen and often a secondary filter
above the filter pack. The designs of well screens and filter packs are more critical for mon-
itoring wells than for water wells, because monitoring wells serve as sampling ports in an
aquifer and must minimize disturbance of the water chemistry and hydrology. At present,
screen and filter pack requirements for monitoring wells have been only partially addressed
by the technical community. Specific technical requirements should include filter pack
parameters (i.e., uniformity coefficient, effective size, kurtosis, skewness, roundness, spheric-
ity, and mineralogy). The method of filter pack placement, which involves particle settling
through borehole fluids, is also important, particularly in relation to the nature of the geologic
materials, the slot type and size of the screen, and the water level in the well.

KEY WORDS: ground water, monitoring, aquifer, formation, well, screen, filter pack, sec-
ondary filter, roundness, effective size, uniformity coefficient

Well screens and filter packs have been used extensively by the water well industry to
construct efficient, large-diameter water wells for providing water for irrigation, municipal,
and industrial use. Monitoring wells, on the other hand, serve a different purpose and thus
have different design requirements for screens and filter packs. Monitoring wells are sam-
pling ports in an aquifer and therefore are typically smaller in diameter and screened in
only a portion of the aquifer. Unlike water wells, monitoring wells usually have an artificial
filter pack and often a secondary filter. The filter pack is a permeable envelope that sur-
rounds the well screen to filter out the fine particles from the adjacent formation and sta-
bilize it. The secondary filter, which is placed above the filter pack, serves as a barrier to
prevent grout or sealant slurries from migrating into the filter pack. Therefore, the second-
ary filter i1s a much finer grained sand than the filter pack sand around the well screen.
Some design properties for monitoring-well filter packs are different from those for water-
well filter packs because sampling of monitoring wells must minimize disturbance of the
water chemistry and hydrology.

! Senior research engineer and senior research scientist, respectively, Pacific Northwest Laboratory,
Richland, WA 99352.
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Well Screen and Filter Pack Design

Currently, water well practices are used to determine the design of well screens and filter
packs for monitoring wells, because all of the major available design texts pertain almost
exclusively to water well technology [ 1-4]. Information on monitoring well design appears
only in specific papers [5] and in the U.S. Environmental Protection Agency’s technical
enforcement guidance document [6], and none of these publications fully or adequately
addresses the subject of well screen and filter pack requirements for monitoring wells.

Unless a formation is fairly coarse grained, developing a natural sand pack for a moni-
toring well is difficult because (1) the small diameter limits the size and capacity of devel-
opment pumps and equipment, (2) the short screen length limits the rate of withdrawal,
and (3) the removal of formation sand from the well is difficult and creates stabilization
problems. Therefore, the remainder of this discussion on filter packs is limited to the
design and placement of artificial filter packs in relation to monitoring well screens. The
following are the filter pack design principles that monitoring and water wells have in
common:

@ Filter packs are installed to create a permeable envelope around the well screen.
@ The grading of the filter pack should be based on the grain size of the finest layer to
be screened.

In water wells, the filter pack, or permeable envelope, separates the screen from the for-
mation material, thus reducing drawdown, encrustation, and transport of formation sedi-
ment into the well. In monitoring wells, the filter pack minimizes the amount of formation
sediment transported into the well (where it could interfere with water chemistry analyses
of metals), reduces clogging of the well screen by highly contaminated aqueous and non-
aqueous solutions, and provides sufficient permeability to direct the flow of contaminated
ground water through the well rather than around it.

Well Screen Requirements

The correct slot size for a well screen is determined by the distribution of grain sizes in
the filter pack. The grain-size distribution of the filter pack is determined by the particle-
size distribution of the aquifer to be screened. Primary considerations in the selection of a
well screen are the chemical resistance and strength of the material type, the casing diam-
eter, slot type and design, slot size, maximum open area during development, and length.

Material Type

In general, the well screen should be Schedule 40 or 80, meet applicable ASTM stan-
dards, and be constructed of polyvinyl chloride (PVC), stainless steel, epoxy with fiberglass
reinforcement, fluorocarbon resins (i.e., Teflon’-type polymers), or whatever other material
[e.g., acrylonitrile-butadiene-styrene (ABS) or glass] is most suited to the monitoring envi-
ronment. The selection of well screen and casing materials should focus on the material’s
structural strength, ease of handling, chemical durability in long-term exposures to poten-
tially hostile subsurface conditions (particularly below the water table), and potential
impact on the chemical integrity or “representativeness” of ground-water samples.

2 Teflon is a trademark of E. 1. du Pont de Nemours and Co., Wilmington, DE.
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66 GROUND WATER AND VADOSE ZONE MONITORING

Well Diameter

The diameters of monitoring wells are typically smaller than those of water wells or wells
used in baseline or water resource studies. The advantages and disadvantages of small-
diameter versus large-diameter casings have been debated in the literature [7-11]. Impor-
tant reasons for using large-diameter wells include determining large-scale aquifer charac-
teristics (i.e., transmissivity, ability to store) and boundary conditions of high-yield aqui-
fers. However, when such high-yield conditions do not exist, the reasoning has been that
small is better [ 10]. Small-diameter wells are also less expensive, because smaller quantities
of materials are installed; drilling costs per foot are lower, because borehole diameters are
smaller and less costly drilling methods can be used; and the quantities of contaminated
purge water and drill cuttings for disposal at an approved hazardous waste disposal site are
much lower. However, small-diameter well screens can be more difficult to develop,
because of the limitations of the few methods available for effectively developing small-
diameter wells.

Slot Type and Size

Although there are several well screen configurations, basically two types of well screen
are used in monitoring wells. One type is a pipe with horizontal slots cut into it at uniform
vertical spacings (typically 0.64 or 0.32 cm [0.25 or 0.125 in.]). The other type is a contin-
uous-slot screen that 1s formed by wire wound around and bonded (typically welded) onto
vertical rods. The primary advantage of the wire-wound design over the slotted pipe is the
larger open area, which allows more rapid and effective development (Fig. 1). This larger
open area is especially important for small-diameter wells that require fine slot openings
for fine grained formations. The wire-wound screen provides open areas >10% in small-
slot well screens and percentages up to 52% in larger slot sizes. The percentage of open area
is several times higher than that provided by standard slotted well screens in the smaller
slot sizes (0.025 and 0.05 cm [0.010 and 0.020 in.]), even if the slots are placed 0.32 cm
(0.125 in.) apart rather than the standard 0.64 cm (0.25 in.). It has been stated [/2] that
the hydraulic performance of well screens is independent of the screen design, provided
that the open area of the screen exceeds a threshold of about 10% open area. However,
other studies indicate that the screen design is important and that the open area threshold

Siot Vertical
Spacing Support
Rods
Slot Opening Continuous Wire

Slotted Pipe Continuous-Slot Screen
FIG. 1—Two basic types of monitoring-well screens.
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can be as little as 8% [13,74]. Other views are offered [ 15], but they agree that an unusually
high percentage of open areas (i.e., 20 to 50%) has been overemphasized in reducing head
loss and entrance velocities, which is important to efficiency in high-production water-
supply wells.

In choosing between types of well screen, another factor to consider is the speed and
effectiveness of well development. Personal experience with both large- and small-diameter
wells indicates that screens with a high percentage of open area reduce the time and effort
required for well development [76]. Similar findings on the importance of the percentage
of open area have been reported by others [12,17]. A high percentage of open area is par-
ticularly important where smaller slot sizes and fine-grained filter packs must be used to
retain the bulk of the formation sediments.

Filter Pack Requirements

The choice of filter pack is based on the grain-size distribution of the finest layer of for-
mation sediments to be screened. A few desirable filter pack characteristics for monitoring
wells are presented in the water well reference book [4], however, additional specifications
are needed for monitoring wells. Specific technical requirements should be expanded to
include filter pack parameters (i.e., uniformity coefficient, effective size, kurtosis, skewness,
roundness, sphericity, and mineralogy) or at least the designer of the monitoring well
should be aware of these parameters and their influence on the effectiveness of the filter
pack. Criteria for these parameters are influenced by how the filter materials are trans-
ported through the water column during placement. The criteria for the grain size distri-
bution properties are expressed in relationships of particle sizes expressed in terms of the
percentage passing a given sieve size. For example, the Dy, is the size at which 10% by
weight of the total particles are smaller, as determined by mechanical sieve analysis.

Uniformity Coefficient, Effective Size, Kurtosis, Skewness

Because the well screen slots have uniform openings (actually they vary by about 0.05
mm [0.002 in.}]), the filter pack should be composed of particles that are as uniform in size
as is practical. Ideally, the uniformity coefficient (the quotient of the 60% passing, Dy, size,
divided by the 10% passing, D, size [effective size] of the filter pack should be as close to
1.0 (i.e., the D¢, and the D, sizes should be identical) as possible. In theory, this statement
would mean that a totally uniform size should result from all grains passing one size sieve
and retained on the next smallest size. Although this uniformity is easily achieved on a
laboratory scale, actual commercial sieve operations do not routinely achieve this ideal
sorting of particles. The uniformity coeflicient is determined by Eq 1

Uniformity coefficient = Dy 1)
10

A low uniformity coefficient is very desirable, particularly if the tails of the particle-size
distribution curve are also uniform (i.e., mesokurtic or platykurtic). Kurtosis, which is
defined by Eq 2, is the property that describes the relative uniformity of the distribution
tails.

D95 - DS

Kurtosis = ——————— 2
2.44(D,; — D) )
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68 GROUND WATER AND VADOSE ZONE MONITORING

FIG. 2—Types of kurtosis.

In a normal (Gaussian) probability curve, the diameter interval between the 5 and 95%
sizes should be exactly 2.44 times the diameter interval between the 25 and 75% sizes.
Kurtosis is the quantitative measure used to describe this departure from normality, which
is called mesokurtic. Such ideal filter pack materials are not readily available; however,
they can be produced at a substantial increase in cost over materials normally available,
Commercially available, high-quality filter pack materials, used primarily by oil and gas
companies for hydraulic fracturing in boreholes and for the construction of monitoring
well filter packs, typically have uniformity coefficients ranging from 1.1 to 1.9 and are usu-
ally mesokurtic or slightly platykurtic or leptokurtic, with a graphic kurtosis value of
<1.7. These characteristics are a result of the sieving process. A schematic diagram illus-
trating these terms in exaggerated form is shown in Fig. 2.

Skewness is the measure of the degree of asymmetry from a normal distribution, as
shown in Eq 3. Because of the nature of the washing and sieving process, the grain-size
distribution of commercially available materials is typically symmetrical or negatively (i.e.,
coarse) skewed (Fig. 3). This coarse skewness is slight yet beneficial, because the percentage
of the coarse material is higher than the percentage of the fine material. Fine-skewed filter
pack material would contain a higher percentage of the finer sand particles, which would
be lost through the well screen during well development.

Dys + Dy — 2(Dy)

Skewness = 3)
(D84 - Dl6)
Cenrnay e Firngy  Doniney et Flrgyy Qogrgay ofeese By
Mormsl {Gausaian? Positive of Blogative or
Hymmetrics! Firg Skewed Lonrse Bhowsd

FI1G. 3—Types of particle skewness.
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FIG. 4—Segregation of particles by size and relative fall velocities.

These characteristics, which describe the distribution of particle sizes, are important
because particles falling at terminal velocity in the quiescent fluid surrounding the well
screen will be influenced by a number of variables, including the fluid and particle density;
the viscosity of the fluid; and the diameter, shape, and surface roughness of the particle.
Assuming that all of the variables except particle size are constant, the fall velocity for
sand-sized particles composed of quartz will be approximately proportional to the square
root of the particle diameter [/8]. For example, a coarse sand grain 4 mm (0.156 in.) in
diameter falls twice as fast as a medium sand grain 1 mm (0.039 in.) in diameter. If the
uniformity coeflicient of a hypothetical coarse filter pack is 2.5, then the coarsest particles
are probably about four times the size of the finest particles. In the example case, the 4-
mm (0.156-in.) particles would fall at approximately 0.2 m/s (0.66 ft/s) in clean, distilled
water, and the 1-mm (0.039-in.) particles would fall at approximately 0.1 m/s (0.33 ft/s).
Therefore, particles will segregate rapidly according to size, as shown in Fig. 4.

If this filter pack material were placed in a well annulus through a few metres of water,
the particles would segregate according to size, with the finest particles at the top of the
screen and the coarsest particles at the bottom (Fig. 5). Fine formation particles would pass
through the filter pack and well screen at the bottom, and become lodged in the slots, as
detailed in the bottom window in Fig. 5. At the top of the screen, most, or possibly all, of
the filter pack would be lost if the 10%-passing rule (or effective size) had been used to
design the filter pack, because the 10%-passing size would be concentrated at the top 10%
ofthe screened interval. Thus, each time water was pumped from the well, filter pack mate-
rial would flow unabated through the top 10% of the well screen (see the upper window in
Fig. 5). If sand was added incrementally, a series of fine to coarse layers would form at
intervals along the length of the screen.

The problem with the fines would be eliminated if a more uniform filter pack were used
and if the design of the filter pack allowed < 1% of the particles to pass through the screen
slots, rather than the 10% (i.e., 90% retained) in the criterion for water wells [/,4]. With a
more uniform sand pack, the segregation problems with the coarse fraction would be
diminished, because the tail of the coarse portion of the distribution curve would consist
of a higher percentage of smaller, coarse-grained particles.

Through the use of elaborate and time-consuming circulation processes, the particles in
a nonuniform filter pack can be distributed somewhat more evenly [3]; however, simply
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FIG. 5—Impact of particle segregation of a nonuniform filter pack.

obtaining more uniform filter pack materials is more cost effective and does not require

the introduction of fluids into the well bore.

Roundness and Sphericity

Roundness and sphericity are also important parameters for filter pack design, because
particles that are less round and less spherical tumble and oscillate as they fall through
water. This tumbling and oscillation slows the rate at which the particles fall. Sand grains
generally become less rounded and spherical as the particle size decreases. The greater
angularity of the smaller grains tends to slow them, thus increasing the difference between
the velocities of the large and small particles and assuring segregation.

Particle roundness (i.e., curvature of the edges of a particle) is important because minor
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changes in roundness can increase the potential for sand bridging (the adverse develop-
ment of a friction bond between the temporary and permanent casings). The sand bridge
may force removal of the casing and well screen from the borehole and, if caving occurs,
may result in loss of the well. Bridging is more likely where the annular clearance is less
than 5 cm (2 in.) or if the sand is added too rapidly, resulting in bridging above the water
level in the annulus.

A common method used by geologists for defining particle roundness is the Powers scale
(based on visual comparison of particles with photographic charts), which ranges from 1
(very angular) to 6 (well rounded) [19]. The potential for bridging is particularly critical
between subangular (Powers scale 2 to 3) and subrounded (Powers scale 3 to 4) particles.
The likelihood of bridging by particles that have a roundness of 2 to 3 is greater than that
by particles with a roundness of 3 to 5. Bridging is a less serious probiem in water wells
than in monitoring wells, because water wells are typically constructed of Schedule 40 steel
or stainless steel, whereas monitoring wells are usually constructed of much weaker PVC,
Schedule 5 stainless steel, or Teflon. Therefore, stress-inducing techniques (e.g., holding
the permanent casing down with the drill while pulling up on the temporary casing or
auger) that allow a sand bridge to break in steel water wells either require greater care in
the less durable monitoring well pipe or simply cannot be used in such pipe without dam-
aging it.

Unlike roundness, sphericity can define quantitatively how nearly equal the three
dimensions of a particle are. Sphericity, like roundness, can also reduce the potential for
sand bridging in monitoring wells. Yet sphericity is rarely included in well specifications
that define the shape of sand particles, and numerical values are rarely mentioned. By
defining the desired sphericity, we can eliminate undesirable particle shapes such as platy
particles (e.g., micaceous particles), bladed particles (e.g., shell fragments, volcanic glass
fragments), and elongated particles that are contained in certain types of sand. Spherical
particles are desirable, because they reduce the probability of bridging during pullback and
because they settle faster than rounded, nonspherical particles (Fig. 6), thus minimizing
particle segregation.

Maximum projection sphericity [20] is based on a comparison of the maximum projec-
tion area of a sphere, which has a sphericity of 1.0, with that of a given particle of the same
volume. Thus, if a sand particle has a sphericity of 0.6, it means that a sphere of the same
volume would have a maximum projection area only 0.6 that of the sand particle. Con-

# Hphericsl, Well Rounded Paricies
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FIG. 6—Relative fall velocities of spherical and nonspherical particles.
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72 GROUND WATER AND VADOSE ZONE MONITORING

sequently, the particle would settle about 0.6 times as fast as the sphere because of the
increased surface area resisting the downward motion [27]. Most subrounded to rounded
sand and gravel particles have sphericities ranging from 0.6 to 0.8.

Mineralogy

To minimize loss of the filter pack by dissolution and adsorption, the filter pack should
be primarily quartz (i.e., 95% quartz), with less than 5% other siliceous sediments such as
feldspars or oxides [22]. Sulfate and calcareous filter pack sediments should be less than
0.5%, particularly in environments where dissolution of or precipitation on the filter pack
might occur. Acid solubility in weak solutions should be less than 0.2% and loss on ignition
less than 0.05%.

Secondary Filter Requirements

The main purpose of the secondary filter, shown in Fig. 7, is to prevent slurries of ben-
tonite or other annular secalants from migrating into the primary filter pack, thus sealing
the well partially or totally from the formation to be monitored and contaminating the
screened interval and the well. Three important surfaces must be considered in the design
of the cylindrical secondary filter that surrounds the well casing: the bottom surface (or the
interface with the filter pack), the top surface (or the interface with the grout), and the outer
surface.
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FIG. 7—Particle distribution of a secondary filter placed through water.
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To prevent fine materials of the secondary filter from invading the underlying filter pack,
the coarsest fraction (at least 10%) of the secondary filter must be larger than the average
diameter of the voids (interstices) in the filter pack. Therefore, the finest fraction of the
filter pack should be approximately equal in size to the Dy, size (coarsest fraction) of the
secondary filter. Quantifying the proper size of the secondary filter is readily accomplished,
especially if the uniformity coefficient of the filter pack is 2.5 or less and the graphic kur-
tosis is <1.5: in this case, one should simply use the effective size, Dy, of the filter pack,
because it represents 10% of the finest material in the filter pack. This design guide will
maximize the effectiveness of the secondary filter, thus preventing grout from invading the
primary filter without permitting loss of the secondary filter particles into the filter pack.

At the secondary filter/grout interface, the filter material should be as fine as is practical,
so that the bentonite slurry or cement grout will not significantly invade the secondary filter
and will not invade the filter pack at all. The particles need to be very fine grained, but not
be so fine grained that the time required for them to settle is signficantly influenced by the
fluid viscosity or minor turbulence caused by placement of the secondary filter. The small-
est particle size should be about U.S. Standard Mesh No. 230 [ASTM Specification for
Wire Cloth Sieves for Testing Purposes (E 71-87), which has a designation of 63 um
(0.0025 in.)] to prevent invasion of the grout. If the viscosity or weight of the fluid through
the secondary filter is significantly greater than clear water, then the finest particles should
be Mesh No. 140 (0.0041 in.) to accelerate settling of the secondary filter and reduce inva-
sion of the grout. This recommendation is based not on the size of the cement or bentonite
particles but on the viscosity of the grout slurry (which should have a Marsh funnel vis-
cosity of at least 80 s) and the height (the hydraulic head less the density effect) of the grout
column above the sand pack. Using a guideline of <2% by weight passing the Mesh No.
200 (74 pm [0.0029]) should achieve that goal. Several commercially available sand packs
meet these criteria.

The grain size distribution may be symmetric or have a positive or negative skewness.
However, a positive skewness would indicate a larger percentage of the finer sand particles
and would be preferable for preventing grout invasion. In contrast to the filter pack, which
should be very uniform, the secondary filter should have a uniformity coefficient of 2.5 to
as much as 10. This lack of uniformity will increase particle segregation if the material is
placed through standing water and, therefore, will increase the effectiveness of the material
as a barrier to grout (Fig. 7). If the secondary filter is placed in an annulus where the water
level is inside the filter pack, the mixture of various particle sizes will form a layer of rel-
atively low permeability because the smaller particles will fill the voids between the larger
particles (Fig. 8). However, if a graded secondary filter is desired to avoid losses of the finer
secondary filter materials into the filter pack, a layered system can be created by placing
layers of progressively finer materials above the filter pack. The resulting layering will be
similar to the distribution of particles placed through water.

The secondary filter should extend at least 0.305 m (1 ft) above the top of the filter pack.
The upper half of the secondary filter should be in contact with a lithologic layer of equal
or lower permeability and thickness to prevent migration of the slurry seal around the
secondary filter and into the coarser filter pack.

Conclusions

The design of a proper filter pack for monitoring wells is different from that for water
wells, because monitoring wells serve a different purpose, are typically smaller in diameter,
and are often composed of inert materials that are less strong than steel. Monitoring wells
are usually constructed in chemically hostile environments where the removal of large
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FIG. 8—Particle distribution of a secondary filter placed above water level,

quantities of sediment-laden liquids during well development is potentially damaging to
the well, difficult to achieve, and costly.

Requiring the removal of up to 10% of the sand pack during development needlessly
increases the time and difficulty of completing a monitoring well that will never be used
for producing large quantities of drinking or irrigation water. We recommend that the
amount of filter pack passing through the well screen be 1% or less; this reduction is easily
achieved using commercially available filter pack materials that are uniform and ade-
quately rounded.

The specific technical recommendations for monitoring well filter packs include (1) uni-
formity coefficients as close to 1.0 as possible; (2) platykurtic distribution tails for a uni-
form filter pack, to conform to the uniform well screen slot size; (3) particles in the filter
pack that have a roundness ranging from 3 to 6 on the Powers scale; and (4) particle sphe-
ricity of 0.6 to 1.0 to eliminate rod-, disc-, or blade-shaped particles (because of their slow
fall velocity and potential for bridging between the temporary and permanent casings dur-
ing construction or passing through the well screen).

The secondary filter may be necessary, depending on the particle size distribution of the
formation. It must be composed of well-graded (not uniform), preferably positively skewed
sand, with the coarsest fraction equal to the 90%-retained size of the filter pack, and less
than 2% by weight passing the Mesh No. 200 sieve. Although the particles in the secondary
filter should be much less uniform, they should have mineralogical characteristics similar
to or at least compatible with those of the filter pack. Typically these fine-grained sediments
in the secondary filter will be much less round and spherical than those in the filter pack.
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ABSTRACT: An experimental double-walled screen design has been found to increase the
reliability of a properly installed, monitoring well sand pack, intended to produce long-term
sediment-free sampling. The screen design is most useful for shallow, small-diameter moni-
toring wells installed by the hollow-stem auger drilling method and can be produced in a
wide range of lengths and diameters, The new screen design eliminates the need for state
agencies to require “tremied” gravel packs for such wells when the tremie-pipe installation
technique is difficult to complete successfully without compromising the intent behind the
specification. The double-walled screen design contains an economically fabricated, preas-
sembled, evenly graded sand pack that avoids the need for resin and that ensures emplace-
ment of an in situ homogeneous sand pack in the field.

When installed directly against the formation wall, in conjunction with a conventional
sand pack or the best efforts at a tremied pack, the preassembled double-walled screen and
sand pack may help reduce the amount of development time necessary to obtain turbidity-
free water (that is, water containing less than 50 nephelometric turbidity units). The presence
of the preassembled homogeneous sand pack downhole improves long-term sample integrity
in silty deposits and minimizes interference attributable to improperly placed or poorly set-
tled packs. The sand pack example described is simple in design and economical, accom-
modates small-diameter submersible pumps and bailers, and is easily fabricated in the field.

KEY WORDS: ground water, screen design, sand pack, preassembled double-walled screen,
filter pack, monitoring well construction

Monitoring well design is basically a derivation of water well design, However, the pur-
poses and objectives of monitoring wells differ greatly from those of water wells. Water
wells are primarily designed to serve as a reliable and sustained high-capacity source of
drinking water. In contrast, monitoring wells are designed to provide samples representa-
tive of the ground-water quality at strategic aquifer horizons, in target locations, during a
given period, and for a given reason. Thus, the “as-built” monitoring well is not utilized
for production purposes and, therefore, does not need to reflect the design characteristics
of a miniature production well.

One common specification inherent in present-day monitoring well design is the down-
hole emplacement of a graded filter pack (gravel or sand pack) envelope surrounding the
screened zone. In the water well industry, the gravel pack is an integral part of a properly
designed screen, prepared by tapping fairly thick sequences of fully saturated, unconsoli-

! President and environmental engineer, respectively, CA Rich Consultants, Inc., Sea CIiff, New
York 11579.
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RICH AND BECK ON EXPERIMENTAL SCREEN DESIGN 77

dated permeable formation materials in relatively large-diameter rotary-drilled boreholes.
Its purpose is to maximize the efficiency of a production well’s pumped withdrawals by
improving upon the formation’s permeability around the screen. Therefore, the thickness
of the pack and its resultant as-built permeability are the most important factors in its
operational effectiveness.

In contrast, monitoring well screened zones are usually only 1.5 t0 3 m (5 to 10 ft) in
length and are not necessarily designed to intercept fully saturated, highly permeable aqui-
fers. In addition, they are used to remove only very small volumes of ground water, and
only periodically. In practice, monitoring wells are often screened in silty zones of low
permeability or stratified zones of highly variable permeability. Because the initial sam-
pling objectives are commonly aimed at the “uppermost water-bearing zone,” the moni-
toring well can be of small diameter, usually 10.2 cm (4 in.) or smaller, and set at relatively
shallow depths.

Nationwide, monitoring wells are commonly installed by the drive-and-wash or hollow-
stem auger method to avoid the use of drilling muds, which can cause interference with
subsequent ground water sample analyses. The resulting borehole is relatively clean, small,
and presents several advantages for representative completions at target locations. Two of
the advantages include the cost savings realized by drilling a smaller diameter borehole,
and the lower volume of drill cuttings and formation fluids that may have to be handled
as potentially hazardous materials.

Need for Concept Design Improvement

The smaller borehole diameter not only minimizes the volume, and therefore the time
and handling, of potentially hazardous drill cuttings, but it also allows a reduction of the
volume of sand pack material required to backfill the annular space around the screen. In
addition, the smaller borehole increases the chances of advancing a plumb hole at difficult
drilling sites (i.e., glacial till or landfills). To achieve proper emplacement of the sand pack
around the screen in small boreholes, 1t has been a common, optional, or requisite practice
to “tremie” the pack to its desired depth. At depths greater than 20 m (65 ft), the field
procedure for conventional sand packing of a monitoring well 10.2 cm (4 in.-) in inside
diameter (ID) virtually mandates the tremie-pipe method, which requires a larger bore-
hole, perhaps multiple drilling methods, and much higher associated footage cost (315 to
$30 higher per foot).

The assumption that larger boreholes with thicker sand packs filter out fine materials
better than smaller boreholes with thinner packs (i.e., 1.3 cm or thicker) is a misconception
because sand pack thickness has nothing to do with the pack’s capability to produce sedi-
ment-free samples. Rather, the more important variable in sand pack design is the ratio of
the packing material grain size, and its uniformity coefficient, to that of the screened for-
mation material.

In addition, a small [10.2-cm (4-in.)]-diameter monitoring well usually necessitates an
auger head cutting diameter of 33 cm (13 in.), which results in a geologic formation dis-
ruption, due to auger rotation, that affects an area at least 41 ¢m (16 in.) in diameter. As a
consequence, the cross section of the annulus requiring a sand pack—the area between the
installed 10.2-cm (4-in.) ID, 11.68-cm (4.6-in.) outside diameter (OD) well screen and the
adjacent undisrupted formation material—may be 13 cm (5 in.) or more. This disruption
zone must be filled with natural materials (often heaved sands), mixed formation materi-
als, sand pack materials, or a combination of these. The determination that a competent,
uniformly graded sand pack has been properly installed around the screen cannot be made
with complete confidence. Emplaced sand pack materials are subject to inhomogeneities
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caused by settling, as a result of high-stress well development, the entry of mixed nonre-
presentative contaminated fluids, formation wall caving and heaving, and differential com-
paction from overlying materials.

In most situations, feeding the sand pack downhole through the annular space so that it
arrives, settled and compacted, around the entire length of the screened zone without
uneven grading, gaps, or mixed-in drill cuttings is difficult to accomplish in the field. In
practice, the principal problems include a high potential for sand bridging and heaving,
formation wall collapse, uncontrollable segregation of sand pack grain size through the
water/fluid column, and settling, all of which can result in turbid ground-water samples.
Sampile filtration during collection may then be necessary, further compromising the sam-
ple integrity. These problems are minimized by careful drilling and by well installation
contractors using proper well installation practices.

Today, the tremie-pipe installation of monitoring well sand pack materials, which con-
sists of pumping clean sand through a funnel and small-diameter pipe temporarily installed
in the annular space between the borehole and the casing/screen assembly, is usually pre-
ferred to the older construction practice of pouring and tamping sand downhole. However,
installing a tremied sand pack properly may require a specialized or difficult operation in
an otherwise unnecessarily oversized borehole. Consequently, even good techniques fol-
lowed by experienced operators do not necessarily guarantee the integrity of artificially
emplaced pack materials.

An alternative experimental solution to the problem is the placement of loose, evenly
graded, sand pack material around the screen as an integral part of screen construction——
before the screen and casing are installed in the borehole. This design avoids the irregular-
ities induced from the sand pack “falling” through the fluid column in the well’s annular
space or its being pumped or injected as an aerated slurry through a small-diameter pipe
to its ultimate destination: a relatively short screened zone. The prebuilt pack is particu-
larly effective with deeper monitoring well installations because it negates the need for the
larger diameter borehole necessary for a successful pack under conventional installation.
To accomplish the installation of an already built screen and sand pack assembly downhole
in the zone of interest without the use of bonding agents/resins, foreign material, or syn-
thetic packing in the form of glued-on sleeves (which would adversely affect the quality of
ground-water samples) requires a natural sand pack contained in a simple double-walled
screen. The concept of a screen and sand pack installation that responds to these limita-
tions and that can be applied widely, either as fabricated in the field or as specifically man-
ufactured by a screen vendor, is outlined below.

Screen Design

A 1 to 1.5-m (approximately 3 to 5-ft)-long, double-walled, Schedule 40 polyvinyl chlo-
ride (PVC) screen [10.2 cm (4 in.) in ID and 11.7 cm or (4.6 in.) in OD] serves as a suitable
experimental model for descriptive purposes. The interior screen wall has a smaller diam-
eter screen [for example, 5 cm (2 in.) in ID and 6 cm (2.375 in.) in OD], with either a
uniform slot size identical to that of the outer screen or a smaller slot size, concentrically
fitted inside the outer 10.2-cm (4-in.)-ID screen with two or more sets of PVC centralizers.
The annular space between the two screens is manually filled with a sieved, clean, uni-
formly graded, well-rounded quartz (at least 95% SiO,) sand. The grain size of the pack
should be keyed to the finest grain size present in the horizon screened.

In the example just described, for a 1.5-m (5-ft) screen, the resulting sand pack between
the inner and outer screen walls is approximately 2 cm (0.8 in.) thick, filling a void space
of approximately 0.002 m? (0.075 ft%). The authors suggest that the top of the inner-sleeved
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flush-joint screen be tapered outward with a coupling that mounts flush to the flush-joint
head coupling of the outer 10.2-cm (4-in.) screen. The completed screen and sand pack
assembily is then threaded onto standard 10.2-cm (4-in.)-ID riser pipe and lowered into the
hole as a standard casing/screen assembly. The approximate weight of a standard 1.5-m
(5-ft) length of 10.2-cm (4-in.)-ID PVC screen is 3.86 kg (8.5 1b), and the approximate
weight of the double-walled screen with the sand pack is 15.88 kg (35 1b).

The design of the model outlined above should remain flexible and dependent on the
user’s site-specific sampling requirements. For example, a split double-walled screen instal-
lation in the same well may be useful for sampling composite ground-water quality over a
fairly thick aquifer sequence. Alternatively, the installation of relatively short double-
walled screens can be used to monitor effectively a series of strata having varying horizon-
tal permeabilities at one specific monitoring location. However, the most widespread
application of this new screen technology will probably be for hollow-stem auger drilled
monitoring wells that must be advanced into caving or heaving sand formations.

A similar preassembled screen and sand pack can be machined with Type 304 stainless
steel screen, resulting in only very minor variation in the sand pack thickness. For exam-
ple, a 1.5-m (5-ft)-long, 9.84-cm (3.875-in.)-ID, stainless steel screen with an inner 6-cm
(2.375-in.)-OD concentric screen sleeve allows a 1.5-cm (0.60-in.)-thick sand pack between
the screens. The weight of the 1.5-m stainless steel screen is 13.6 kg (30 Ib) and the weight
of the double-walled assembly, with sand pack, is 34 kg (75 Ib).

Optimal Open Area

The permeability of the assembled double-walled screen and sand pack is dependent
upon the open area available and the condition of the interface between the screen and the
geologic formation. The permeability of both the interior and the exterior screen must be
greater than the permeability of the contained sand pack so that formation fluids entering
through the outer screen do not have to overcome additional resistance. Therefore, the
“ideal” filter pack would be comprised of uniformly graded spherical sand grains, packed
together either as loosely or as tightly as the individual sand grain contact points permit.
That is, a loosely packed filter can be expected to provide a free fluid flow area equal to
approximately 20% of the entire cross section of the sand pack, whereas a consistently
tightly packed filter provides about half as much, or up to only 10% free flow area across
the same cross section [/]. In actuality, a combination of loosely packed and tightly packed
sand pack material is achieved.

The gravity-filled containment of a uniform sand pack between two rigidly separated
screen surfaces (centralizers) presents a compromise between the naturally tightly packed
system that occurs against the screen surface in a naturally packed well following well
development and the ideal loosely packed system outlined above,

Of additional significance in this new design application is the solution to the problem
of formation fluid (often contaminated) becoming retained between the grains by capillary
forces at the contact points of the individual sand grains. The presence of residual forma-
tion fluid in the sand pack can affect initial and subsequent sample integrity and can
hydraulically impede the flow of formation fluid through the pack. The preassembled uni-
form pack does not contain the fines which are normally found migrating or running into
a natural uneven or bridged pack; it is the presence of these fines that radically reduces
flow (the increased surface area and contact points cause greater capillary retention).
Therefore, in practice, the optimal open area of the screen (a design criterion) should be
keyed to both the contained sand pack and the natural formation materials expected to be
screened. By meeting this criterion, the double-walled screen will meet all of the necessary
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requirements common to the conventionally designed screen and granular sand pack. Ide-
ally, the optimal open area of the screen can be decided in the field if a variety of screen
slot sizes and diameters is available, along with the results of split-spoon samples or for-
mation grain size curves. For example, a finer sand pack requires smaller screen slot widths
and less open area, and so forth. Thus, the design of the double-walled screen must remain
flexible enough to allow customized fabrications.

Some effort must also be directed toward minimizing the sand grain clogging anticipated
with the inner sand pack resting loosely against the generally wedge-shaped slots inside the
outer screen. Wedge-shaped or V-shaped screen slots are a means of maximizing the effec-
tiveness of the open space area available on the screen surface [2]. Such a slot design is an
improvement over straight slots because it reduces the clogging or lodging of grains in the
slots that occurs during well development. Aggressive well development and agitation of
the formation materials around the screened zone is necessary to maximize efficient pro-
duction in water wells. Such procedures are not necessarily required for small-diameter
monitoring wells, in which obtaining representative ground-water samples, rather than
achieving maximum production, is the key concern. Further studies related to differences
between water well screen design and monitoring well screen design technology are avail-
able and are recommended [3-8].

Conclusions

Four advantages of the double-walled, sand-packed screen, when used in conjunction
with natural sand packing, are given:

1. A preassembled sand pack ensures appropriate placement of a uniformly graded pack
around the screen.

2. The sand pack supports monitoring well completions in smaller boreholes because it
precludes the need for reliance upon the potentially costly downhole packing by the tremie-
pipe method.

3. An evenly graded, preassembled pack of loose clean sand surrounding the screen
helps to avoid the cross-contamination interference introduced by residual formation
fluids, sediment mixing and bridging, and caving or heaving. This facilitates a more effec-
tive installation, particularly in deeper auger-drilled wells.

4. The preassembled sand pack should help facilitate low-stress well development and
turbidity-free water samples because of the uniform filtration of suspended solids through
both an outer and inner screen and a sand pack.

Future adaptations and improvements upon this conceptual screen and filter design will
improve the efficiency and effectiveness of monitoring representative ground-water
quality.

References

[1] “Casing and Screens for Water Wells,” Technical Data Sheets Nos. 1-9, Preussag AG, West Ger-
many, 1987,

[2] Johnson, E. E., “Ground Water and Wells,” 6th ed., Johnson Division, United Oil Products, Inc,,
St. Paul, MN, 1966.

[3] Barcelona, M. J., Gibb, J. P,, and Miller, R. A,, “A Guide to the Selection of Materials for Mon-
itoring Well Construction and Ground Water Sampling,” Illinois State Water Survey, No. 327,
1983,

[4] Procedures Manual for Ground Water Monitoring at Solid Waste Disposal Facilities, EPA 530/

SW-611.616, U.S. Environmental Protection Agency, Washington, DC, 1977.
Copyright by ASTM Int (all rights reserved), Mon Mar 26 11:51:48 EDT 2018
Downloaded/printed by

Karen Swanson (U.S. Environmental Protection Agency) pursuant to License Agreement. No further reproductions authorized.

ED_004625A_00113475-00082



RICH AND BECK ON EXPERIMENTAL SCREEN DESIGN 81

[51 “The Principles and Practical Methods of Developing Water Wells,” Bulletin No. 1033, Johnson
Division, United Oil Products, Inc., St. Paul, MN, 1975,

[6] “Methods of Setting and Pulling Johnson Well Screens,” Bulletin No. 933, Johnson Division,
United Oil Products, Inc., St. Paul, MN, 1957.

[7] National Water Well Association and the Plastic Pipe Institute, Manual on the Selection and
Installation of Thermoplastic Water Well Casing, National Water Well Association, 1981.

[8] Palmer, C. D, Keely, J. F., and Fish, W., “Potential for Solute Retardation on Monitoring Well
Sand Packs and Its Effect on Purging Requirements for Ground Water Sampling,” Ground Water
Monitoring Review, Vol. 7, No. 2, 1987.

Copyright by ASTM Int (all rights reserved), Mon Mar 26 11:51:48 EDT 2018
Downloaded/printed by
Karen Swanson (U.S. Environmental Protection Agency) pursuant to License Agreement. No further reproductions authorized.

ED_004625A_00113475-00083



David L. Kill'

Monitoring Well Development—Why and How

REFERENCE: Kill, D. L., “Menitering Well Development—Why and How,” Ground Water
and Vadose Zone Monitoring, ASTM STP 1053, D. M. Nielsen and A. 1. Johnson, Eds.,
American Society for Testing and Materials, Philadelphia, 1990, pp. 82-90.

ABSTRACT: The objectives of monitoring well development are these:

(a) to permit taking of sediment-free samples,

(b) to allow water to flow freely into the well so representative samples can be taken rap-
idly, and

{c) to remove all traces of the drilling fluid used in order to minimize any interference
with the water quality.

Several development methods have been well documented as to their practicality and effec-
tiveness in developing water supply wells. These methods are mechanical surging, over-
pumping, air lift, high-velocity water jetting, and several combinations of these methods. All
of these methods can be used in monitoring well development but have limitations. Their
limitations are usually related to the well diameter, restrictions on placing foreign materials
in the well, low-permeability formations, and poor well intake design.

The methods and limitations are reviewed in this paper.

KEY WORDS: ground water, well development, surging, overpumping, air lift, water jetting

Objectives

The objectives of monitoring well development are the following:

(a) to permit taking of sediment-free samples,

(b) to allow water to flow freely into the well so representative samples can be taken
rapidly, and

(¢) to remove all traces of the drilling fluid used in order to minimize any interference
with the water quality.

Accurate laboratory analysis requires sediment-free fluid. Taking sediment-free samples
from a monitoring well is, therefore, most important because filtering the water sample
may change its chemistry. If soil particles are filtered from the sample, they may take with
them absorbed contaminants, thus distorting the sample. Also, additional handling of a
sample increases its chances of being aerated, thus causing even further change in
chemistry.

Taking representative samples rapidly is best accomplished by improving the perme-
ability of the zone around the well intake. The improved permeability makes it easier for
fluid to get to the monitoring well. Improving permeability usually requires removing
some of the natural formation during development. Also, it is necessary to repair drilling
damage at the borehole face to restore even the original in situ permeability.

! Sales manager, Recovery Equipment Supply Inc., Maple Grove, MN 55369,
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Removal of drilling fluids that have been deposited in the monitored zone is very impor-
tant in order to minimize their effect on the water sample’s chemistry. The drilling fluids
may originate from any outside water supply or may include water plus additives, such as
those used in fluid rotary drilling. Even the use of hollow-stem auger drilling does not
entirely eliminate the use of drilling fluid, as occasionally the auger is filled with a fluid to
prevent the water-bearing formation from entering the auger. Removal of the drilling fluid
is best accomplished during well development.

Factors

The factors of monitoring well development that determine how effective the develop-
ment process will be are these:

(a) damage to the formation,
(b) the method of development, and
(c) the intake open area.

Damage to the formation is that caused during the drilling process. This can be due to
compaction and invasion of fine-grained particles into the formation near the well bore-
hole. Invasion of the drilling fluid solids, such as bentonite particles, will also cause for-
mation damage. The extent of this formation damage greatly affects how extensive the well
development process must be.

The effectiveness of different development methods is well documented. Effectiveness is
usually in direct relationship to the amount and concentration of energy that can be
directed into the formation. Each of the methods used will be discussed.

All development methods work best in wells equipped with a high amount of inlet area
in the intake. The high inlet area structure permits hydraulic forces exerted inside the well
intake to be directed efficiently into the surrounding formation (Fig. 1). More fine material
can be removed quickly if all the available energy can be directed at most or all of the
surrounding formation.

Methods

Different monitoring well development procedures have evolved in different regions,
primarily because of the type of drilling rig used to drill the well. Unfortunately, some
development techniques are still used where other, more recently developed procedures
would produce better results. Newer techniques, especially those using compressed air,
should be considered by contractors when they buy and equip a new drill rig.

Overpumping

The simplest method of well development is by overpumping, that is, pumping at a
higher rate than will be used on the well later when it is purged and sampled. The theory
is that any monitoring well that can be pumped free of sediment at a high pumping rate
can then be pumped free of sediment at a lower rate. Overpumping rates may be 19 to 38
L (5 to 10 gal)/min or, in a low-permeability formation, as low as 0.95 L (0.25)/min. These
pumping rates can be achieved by an electric submersible pump, such as is commonly put
in 10-cm (4-in.)-diameter wells, or any of the portable monitoring well sampling pumps
that will fit into a 5-cm (2-in.)-diameter well and provide the very low pumping rates.

The main limitation of the overpumping method is that it seldom produces full devel-
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FIG. 1 —Screens with a high amount of open area (above) permit freer access to the jor-
mation than other well intake designs (below) which have less open area. The result is more
effective well development.

opment because most of the development action takes place in the most permeable zone,
closest to the top of the screen. The longer the well intake, the less development will take
place in the lower part of the intake. After development of the most permeable zone, water
entering the intake moves preferentially through this developed zone, leaving the rest of
the well poorly developed and not able to contribute water to the monitoring well.

Another objection to overpumping is that the water flows in only one direction toward
the well intake (Fig. 2), and some particles may be left in a bridged condition. If the for-
mation is agitated later during the purging and sampling procedure, these bridges may col-
lapse and sediment may enter the well during each sampling. Pumping this sediment may
also subject the pump to excessive wear and reduce its operating efficiency, which in turn
increases the sampling and purging time. This sediment will also damage the flexible blad-
ders in pneumatic sampling pumps.

Backwashing

Backwashing is a development method that can be used in conjunction with overpump-
ing. The backwashing development method will cause reversal of flow (Fig. 2) through the
well intake and agitate the surrounding sediment. This agitation and flow reversal breaks
down the sediment bridges. Overpumping then moves the fine particles toward the well
and through the intake.
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Well
screen

bridges

FIG. 2—Effective development action requires movement of water in both directions
through screen openings. Reversing flow helps break down bridging of particles. Movement
in only one direction, as when pumping from the well, does not produce the proper develop-
ment effect.

Backwashing in a monitoring well can best be accomplished by adding water to the well.
The problem with the added water is that it may not be totally removed during the over-
pumping. The concern then is how it may affect water samples taken from the monitoring
well.

Full development with the backwashing method is very unlikely. As in the case with
overpumping, the backwashing may produce effects only in the most permeable zone and
near the top of the intake. Other parts of a long intake may thus remain relatively
undeveloped.

Mechanical Surging

Mechanical surging as a method of development forces water into and out of the well
intake by operating a plunger up and down in the casing, similar to a piston in a cylinder
(Fig. 3). The plunger used is called a surge block (Fig. 4). A sampling bailer or monitoring
well pump may be used, but these will not be as effective as a close-fitting surge block.

The proper procedure for mechanical surging is to bail the well first to make sure that
water will flow into it. Then the surge block is lowered until it is below the static water
level and a relatively gentle surging action is started. As water begins to move easily in and
out of the well intake, the surge block is lowered farther into the well, thus increasing the
force of the surging movement. (The force exerted on the formation depends on the length
of the stroke and the vertical velocity of the surge block.)

The limitation of mechanical surging is much the same as that for overpumping and
backwashing; i.e., it may affect only the most permeable zone. Surging will be more effec-
tive if the surge block is operated in the intake. Operating in the well intake will concen-
trate its action at various levels.

How well the surge block fits in the well casing also has a bearing on the effectiveness of
mechanical surging. The fit of a surge block in stainless steel casing will be poor if it is sized
to fit through the thread joints (Schedule 40), which will have a smaller inside diameter
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FI1G. 3—For certain types of formations, a surge block is an effective tool for well devel-
opment. On the downstroke, water is forced outward into the formation; water, silt, and fine
sand are then pulled into the well screen during the upstroke.

than the casing (Schedule 5) barrel. A way to minimize this problem is to have a short
length [1.5 m (5 ft)] of Schedule 40 casing directly above the well intake.

Compressed Air Surging and Air Lifi

The use of compressed air in monitoring well development has grown with the increase
in the number of drill rigs equipped with air compressors and the availability of portable
air compressors. Compressed air can be used to alternately surge and air-lift pump the well
to remove sediment from the well. In air surging, air is injected into the well to lift the
water column. As the water reaches the top of the casing, the air supply is shut off. The
water column then faills, causing a surging action in the well intake.
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Pressure-
refief
hole

FIG. 4—A typical surge block consisting of two leather or rubber disks sandwiched between
three steel or wooden disks. The blocks are constructed so that the outside diameter of the
rubber lips is equal to the inside diameter of the screen.

In air-lift pumping it is often necessary to install an air line inside an eductor pipe in the
well (Fig. 5). Eductor systems are generally useful in monitoring well development when
limited volumes of air are available or when the static water level is low in relation to the
well depth. Recommended eductor and air line sizes for different monitoring well diame-
ters are shown in Table 1. The eductor pipe system will also minimize the chance of getting
a large burst of air injected into the well intake area and into the formation.

Air surging and air-lift pumping are dependent on both air pressure and air volume. The
air pressure must be enough to overcome the initial head created by the submergence of
the air line. Once the pressure initiates flow, the air volume becomes the most important
factor in successful air-lift pumping. The initial pressure or starting head is calculated here.?

length of air line — static water level

Minimum psi required = 2.31

The volume of air required to operate an air lift efficiently depends on the total pumping
lift, the air line pumping submergence, and the area of the annulus between the eductor
pipe and air line. In air-lift pumping of monitoring wells the volume of air required will
often be less than 1.42 m*/min (50 ft*/min) if the sizes of the eductor pipe and air line pipe
used are as is shown in Table 1.

The recommended procedure for using compressed air in a monitoring well is first to set
the eductor pipe and air line just below the static water level. After pumping at a moderate

2 Note that | psi = 6.8948 kPa.
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FIG. 5——This diagram shows common terms applied to air-lift pumping and development.

TABLE 1—Recommended pipe sizes for air-lift pumping.®

Size of Monitor Size of Eductor Size of Air
Well Casing, in, Pipe, in. Line, in.
2 % %
4 2 %
5 3 1
6 4 1%

0Oneinch = 25.4 mm.
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rate, the eductor pipe and air line can be lowered in steps, which will gradually increase
the pumping rate. Once the eductor pipe is in the well intake, the air line should be placed
so that its lower end is always up inside the eductor pipe. This will eliminate the chance
of getting air injected into the formation. This also minimizes the chance of an uncon-
trolled discharge of water between the eductor pipe and the well casing.

The limitation of using compressed air in development of monitoring wells is generally
related to pumping submergence. Quite often in a monitoring well this will cause inter-
mittent flow rather than steady pumping. This is normal in the development method and
does not indicate problems, nor does it interfere with eventual sample integrity.

High-Velocity Water Jetting

The jetting procedure consists of operating a horizontal water jet inside the well intake
so that high-velocity streams of water shoot out through the intake openings. The equip-
ment required for jet development includes a jetting tool (Fig. 6), a high-pressure pump, a
string of pipe, and a water supply. The jetting tool is normally designed with two or four
nozzles equally spaced around the circumference. The jetting tool should be constructed
so that the nozzle outlets are as close to the inside diameter of the well intake as is practical.

For effective jet development the lowest nozzle velocity should be about 30 m (100 ft)/
s. Velocities higher than this can be used in metallic well intakes. Care must be exercised
when using jetting screens constructed of polyvinyl chloride (PVC) or other nonmetallic
materials. Care must also be taken to jet only with clean water in order to minimize abra-
sion, especially when jetting in PVC intakes.

In jet development, the jetting tool is placed near the bottom of the monitoring well
intake and slowly rotated while being pulled upward. With this procedure the entire surface

L1

FIG. 6—A four-nozzle jetting tool designed for jet development of well screens.
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of the intake is exposed to the vigorous action of the jets. Material loosened and brought
into the well accumulates at the bottom of the intake and is later removed by bailing or
air-lift pumping.

High-velocity water jetting is the most effective development method because the water
force can be directed through the intake openings and into the formation. The disadvan-
tage of jet development is that water is added to the well. If the water used is not from the
specific well being developed, there will be a concern over whether the added water can be
totally removed prior to sampling. In general, it is essential to remove this jetting water
from the well as quickly as possible. This necessarily limits the procedure to wells of larger
diameter, i.e., 10 cm (4 in.), in which higher capacity pumps can be used.

Summary

Patience, intelligent observation, and the right equipment are required to develop a
monitoring well properly. Well development is not expensive, considering the importance
of having sediment-free samples, reduced sampling time, and minimum water quality
interference. The methods outlined are all effective to varying degrees. Each has limitations
but all are easily adapted to monitoring well development.

Acknowledgment

All of the illustrations in this paper are taken from Ground Water and Wells published
in 1986 by the Johnson Well Screen Co. and are used with permission.

Copyright by ASTM Int (all rights reserved), Mon Mar 26 11:51:48 EDT 2018
Downloaded/printed by
Karen Swanson (U.S. Environmental Protection Agency) pursuant to License Agreement. No further reproductions authorized.

ED_004625A_00113475-00092



John E. Sevee' and Peter M. Maher!

Monitoring Well Rehabilitation Using the Surge
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ABSTRACT: Monitoring wells at a site where the ground water is contaminated with organic
solvents were rehabilitated using the surge block method. Several different methods were
reviewed for their ability to remove sediments from the well as well as from the soils adjacent
to the outside of the well screen. The surge block technique was selected as a method that
would accomplish both objectives. The surge block technique is described and is compared
with other well rehabilitaton methods. The results of presurging and postsurging ground-
water quality from selected monitoring wells are presented. The surge block method was
shown to increase the hydraulic capacity of the wells and removed sediment from the bot-
toms of the wells. Continued monitoring of the wells will indicate whether these benefits are
short term or are related to accumulations of sediments at the bottoms of the wells.

KEY WORDS: ground water, surge block, monitoring well rehabilitation

Because of erratic and questionable water quality data from wells at an organic chemical
spill site, a decision was made to rehabilitate the wells. Various rehabilitation methods,
including scrubbing, surge blocking, and jetting, were evaluated. The surge block method
was selected because of its known success in rehabilitating water supply wells [7]. This
method not only cleans the interior of the well but also effectively removes fine soil par-
ticles from the natural soils or fractures adjacent to the well screen. This method was easy
to implement in the field and provided an understanding of the hydraulic behavior of the
different wells throughout the site.

The site under investigation is located in southern Maine. The geologic setting consisted
of 3 to 10 m of clay over a silty glacial till. The monitoring wells were screened in the till
and underlying fractured bedrock.

Ground-water contamination at this site was caused by a variety of volatile organic
chemicals, of which trichloroethylene (TCE) was the principal constituent. The chemical
spills occurred during the period of 1970 through 1975. A total of 50 wells had been
installed as part of hydrogeologic investigations at the site. Twenty-one wells were being
routinely monitored for volatile organic chemicals.

Surge Block Method

The surge block method involves lowering into the wellhole a leather-collared steel block
attached to the end of a metal rod. A schematic diagram of the surge block used at this site

! Sevee and Maher Engineers, Westbrook, ME 04092.
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Leather

Steel disks

Check valve

FIG. 1—Valve-type surge plunger.

is illustrated in Figs. | and 2. The surge block itself consists of a series of metal rings sand-
wiched with leather collars (Fig. 1). The diameters of the leather collars are cut to the same
size as the interior diameter as the well. The purpose of the metal blocks is to provide rigid
support to the leather collars except at their very edges. A check valve is located at the base
of the surge block to allow water in the well to alternately pass through the block or go into
tension as the block is lowered and raised.

During the cleaning operation, the rods that are attached to the block are raised and
lowered using a cathead. The weight of the rods and block is generally sufficient, except at
very shallow depths, to cause the block to drop after it has been raised. The block is raised
and lowered approximately I m with each stroke. The rate of raising and lowering depends
on the relative position of the surge block within the well and the amount of standing water
within the well. Generally, as the level of water in the well decreases, the rate of surging
increases.

As the block is lowered (Fig. 2), water within the well casing moves up through the check
valve through the rods and discharges at the ground surface. When the block is raised, the
check valve closes and creates a suction on the water within the well casing and the sur-
rounding aquifer. The suction within the surrounding aquifer tends to cause small soil
particles to migrate toward the well screen. Once within the well the particles move up and
out of the well. This has the desirable effect of increasing the hydraulic efficiency of the
geologic formation surrounding the well screen. Thus, the area beyond the well screen
becomes more hydraulically conductive. The suction also removes soil particles that may
be trapped within the screen slots. Finally, the scraping action of the leather collars along
the walls of the well tends to remove encrustation buildup and iron bacteria, if these are
present. In the more contaminated wells at this site, iron bacteria appeared to be present
in small quantities.
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Slotted screen

FIG. 2—Development with a surge block.

Results of the Surging

The rates of water level recovery prior to well rehabilitation were measured for all wells
at the site. The surging results tended to increase slightly the rate of recovery of these wells.
As described above, this is consistent with the removal of fine soil particles from the screen
slots and the aquifer immediately surrounding the well screen.

The surging of most of the wells produced a reddish-brown-colored water during the
early portions of the surging. The intensity of the coloration generally decreased with surg-
ing. The water retrieved from the wells was allowed to stand and settle. Soil particles settled
out within 1 min of standing time. The coloration decreased with standing time as a floc-
culent formed and settled from the water. Since most of the wells were constructed with
stainless steel tips and black iron pipe risers, the authors have concluded that the reddish-
brown staining was the result of iron corrosion within the well. Based on the authors’ per-
sonal observations, it is not uncommon for iron wells containing ground water high in
trichloroethylene to show signs of severe corrosion.

Measurement of the apparent well bottom before and after surging indicated that the
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94 GROUND WATER AND VADOSE ZONE MONITORING

surging also removed significant quantities of fine sand, silt, and clay from the interior base
of most wells even though the wells had been developed by pumping and flushing (purging)
immediately after installation. In addition, these wells have been purged routinely by
pumping on approximately a quarterly sampling cycle since 1983. It appears as though the
previous purging had allowed fines to enter the wells and settle at the bases of the wells,
where it is inaccessible to the purging pump unless there is significant agitation.

After surging one of the wells, it was observed that the amount of soil being pumped
from the well could not be reduced. Measurement of the level of the apparent well bottom
suggested that it was about 1 m higher than the installation records indicated. Surging
would temporarily reduce this level, but the bottom would then increase to the presurging
Ievel. This suggested that soils were moving into the well screen through a rupture in the
well casing. This was an unanticipated finding. The rupture appeared to be a result of
installation rather than of the surging. This resulted in the recommendation of abandon-
ment of this particular well.

Evaluation

The results of the surging at the southern Maine site indicated that the purging of wells
by pumping prior to sampling may be ineffective in removing soil particles that have
entered and settled at the bottom of the well. Typically, the surging pump or bailers are
not lowered all the way to the base of the well and, consequently, any fine soil particles
that settle to the bottom of the well are not removed. This is felt to be important in that
the organic chemicals in the ground water at this site may partition strongly onto the soil
particles [2]. During sampling of the wells the equilibrium of partitioned chemicals may
be upset, causing the organic chemicals to enter into the well water. Furthermore, if pure
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FIG. 3—Trichloroethylene levels at well MW-194.
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FIG. 6—Trichloroethylene levels at well MW-284.

solvent is present, it may settle to the base of the well and go unnoticed. These conditions
may lead to erratic and erroneous chemical analysis results.

It also appears reasonable that the surging technique may be appropriate subsequent to
well installation as a means of development of the well. Surging appears to have several
advantages over the typical pumping and flushing methodology used to develop wells.
Surging would create a greater likelihood of removing any fine soil particles, which may,
over a period of time, migrate into the well. These migrating soil particles may have an
effect on the observed chemistry of the ground water within a well because of partitioning
of the chemical with the soil particle. Surging also increases the hydraulic efficiency of the
well screen by removing soil particles from the soil or rock fractures immediately sur-
rounding the well. This has the effect of increasing the effective diameter of the well.

Three sets of sampling results were obtained after the wells had been surged at the south-
ern Maine site. Initial indications are that samples from the wells show lower levels of TCE
and other compounds than was the case prior to surging. The cause for the decrease in
TCE concentration is uncertain; it is not known whether it was physical (e.g., volatiliza-
tion) or geochemical (e.g., partitioning). The chemical results for four monitoring wells are
presented in Figs. 3 through 6. The results will continue to be evaluated to see if the trends
continue during future sampling.

Conclusions

Surge blocking is a useful technique for rehabilitating wells. It is a useful technique for
removing fine soil particles from the surrounding aquifer materials which may migrate into
the monitoring wells over a period of time after installation, particularly after many sam-
pling events. These fine particles may cause partitioning of the chemicals within the well
and lead to erratic and erroneous chemical analysis test results. Caution is urged when
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using this method on low-strength plastic well casings, since the suction pressures devel-
oped may cause the well to rupture or collapse.
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ABSTRACT: This paper presents an overview of the technical considerations and field pro-
cedures involved in monitoring well maintenance, rehabilitation, and abandonment, It
includes criteria that should be considered throughout the life span of the well to ensure that
the well serves its purpose optimally and that, when removed from service, it is no threat to
the environment. The primary purpose of this paper is to provide guidance in selecting the
most acceptable field procedures.

Even though monitoring wells are intended to be sources of reliable data, each well intro-
duces a number of limited control variables that may affect the reliability of the analytical
data. Regular maintenance of monitoring wells, both structurally and hydrologically, is
required to preserve optimal performance of the well. Well maintenance principles are dis-
cussed in this paper, and recommendations for procedures are provided.

Major changes to a well may be required when it no longer serves its original purpose. The
benefits of rehabilitation procedures are discussed and related to the risk of accepting changes
in the established data base.

Abandonment (or decommissioning) of monitoring wells is necessary when they no longer
serve their intended purpose. At that time, the well must be brought to a neutral condition
which is compatible with the soil matrix, ground-water quality, and the chemicals monitored
and which also preserves the hydrogeological integrity of the specific location. Examples of
successful closures are presented to illustrate these general principles.

KEY WORDS: ground water, monitoring wells, well maintenance, well rehabilitation, well
abandonment, well decommissioning, well redevelopment, aquifers, and well plugging

During the last few decades, as environmental awareness has increased in the public, so
also has the number of ground-water quality investigations. In the 1960s and early 1970s,
the rate of monitoring well installations began to accelerate. The advent of U.S. Environ-
mental Protection Agency (EPA) and state regulatory initiatives has necessitated an
increase in the number of monitoring wells.

In the early period of monitoring, investigations were conducted utilizing the limited
knowledge and technical guidelines available at that time. Many monitoring wells were
constructed in ways that would not meet today’s performance or data quality require-
ments. Many wells constructed with hand-slotted screens or glued casing, or without
proper borehole seals are still in existance.

Fortunately, as our understanding of hydrogeology and ground-water quality has devel-
oped, the technical and mechanical skills needed to measure pertinent parameters have
become much more sophisticated and more standardized. Regulations require that

! Senior project coordinator, Engineering Enterprises, Inc., Norman, OK 73069.
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ground-water investigation systems provide relevant, statistically valid data. Numerous
authors have provided guidance for standardization of procedures for design, sampling,
and data manipulation of monitoring well networks. This paper addresses a supporting
phase of the work related directly to the individual monitoring well unit, which is to ensure
_that the well functions as it should. The paper is intended to provide general guidance in
selecting the most appropriate field procedures.

Three primary topics of major concern for individual monitoring wells are maintenance,
rehabilitation, and abandonment. Definitions of these terms follow:

Maintenance—The routine, continuing tasks that are intended to ensure that the well is a
representative sampling point. This includes the minor structural repairs necessary
to keep the well properly functioning.

Rehabilitation—An advanced effort beyond normal routine maintenance, intended to
restore the well’s original performance, or to alter the well to serve other purposes.

Abandonment—Permanent removal of the well from service, leaving it in a neutral status;
decommissioning.

Maintenance

The purpose of most monitoring wells is to document physical and hydrogeological con-
ditions (permeability, water level, and other conditions) and the discrete water quality.
Most monitoring wells are routinely sampled and are considered fairly long-term invest-
ments. When changes in the water quality are noted in samples collected from a monitor-
ing well, it is very important to be able to distinguish between those changes resulting from
well problems and those which represent true variations in the water quality within the
aquifer.

A primary indicator of a monitoring well’s effectiveness is the record of the well’s per-
formance. A detailed data base describing the construction details, development proce-
dures, hydraulic testing data, silting, and analytical quality records is needed to assess
whether the water quality variations observed represent actual aquifer conditions.

Depending on the importance of the well, a wide variety of maintenance programs can
be considered. At a minimum, the records should include the following data:

the original design criteria (and purpose),

the actual construction records,

the original designation of the well by number or name,

the periodic specific capacity test records,

a listing of the sampler’s observations at the well site,

fluctuations of the water level,

variations in depth due to silting or the presence of foreign objects,
confirmation of casing elevations (especially in the frost belt),
records of repairs or rework, and

procedures and equipment used during sampling and testing.

Routine mechanical maintenance may be combined with scheduled sampling events.
The minimal additional effort expended during these routine trips can often prevent much
larger expenditures, which result from erroneous data.
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Activities that should be considered routine maintenance include the following:

® bail testing of the well during normal purging to determine the specific capacity (and
between, when sampling events are relatively infrequent);

e measurement of the depth before purging;
@ preservation of exposed sections—repair of protective casing, covers, hinges, etc.; and
® occasional redevelopment by bailing, surging, or bottom pumping.

Any activities that would alter the character of the original data base should be limited.
Examples of procedures which might be harmful include these:

® air-lifting to purge or redevelop without the use of eductor pipe,
@ use of non-native water for jetting of screens or other purposes,
e addition of oxidants to remove bacterial growth,

@ use of any material that interferes or reacts with the analyte, and

e failure to preserve well identification—the numbers should be clearly visible, and rec-
ords should indicate the exact location with reference to permanent reference points.

Maintenance of a monitoring well should be an ongoing program which minimizes irreg-
ularities caused by the well.

Rehabilitation (Versus Replacement)

The use of the term “rehabilitation” indicates that the well is in need of significant alter-
ation if it is to continue to serve its original purpose [I]. It is necessary to determine what
is preventing the well from functioning and then to determine if the existing well is repair-
able. Specifically, will the reconstructed (or repaired) well provide data that are consistent
or compatible with the existing data base? The alternative problem is that the postrepair
analysis or water level data may skew a continuing data base and cause reviewers to make
erroneous conclusions regarding the aquifer quality. Often it is prudent to abandon and
decommission a nonfunctional well and to replace it with a properly constructed new well.

When renewing or altering the performance of an existing well, several factors must be
considered. First, what was the original purpose of the well? If the well only served a lim-
ited purpose, such as water level measurement or chloride monitoring, alterations to its
structure may not be detrimental to the data base. However, if the well is part of a sophis-
ticated network monitoring the potential migration of low concentrations of toxic chemi-
cals, rehabilitation should be carefully considered. Other questions that should be asked
prior to any major reworking of a well include the following:

@ How reliable is the original well construction record?

@ Is the geological log accurate?

® What is the local geological setting?

@ What caused the well to fail to serve its purpose?

® What are the expected results of rehabilitation?

® What is the remedial cost in comparison with the replacement cost?
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If the answers to these questions, along with experienced professional judgment, indicate
that the well should be rehabilitated, the next step is to plan and document the work effort
thoroughly. Some common rehabilitation techniques include these:

@ deepening because of lowering of the water table,
® sleeving to repair a physical problem,

® changing the basic purpose of the well (i.e., altering a monitoring well to become a
recovery well), and

® treatment of screens to reduce plugging or encrustation.

Prior to performing any of these rehabilitation techniques, it is important that the pres-
ent physical condition of the well be fully understood. Some possible inspection procedures
include television logs, cement bond logs, and caliper logs. Each of these will provide addi-
tional insight as to the benefits of major rework on the well. Many interesting discoveries
have been made by these procedures. The actual type and condition of the well screen may
not be as expected. Breaks in plastic casing are not uncommon; also, older wells may not
be of standard construction.

As a general rule, rehabilitation of a monitor well is a procedure that should be consid-
ered very carefully. In some situations, such as those where very limited access is available
or where large-diameter deep monitor wells are involved, rehabilitation may be practical.
However, in many cases, the alterations of the data base, along with the associated costs,
dictate that the most reliable procedure is to abandon the well, move over a short distance,
and construct a new well which is properly designed to accomplish the intended task. The
following case histories provide descriptions of several well rehabilitation projects.

Case History No. 1

A very critical monitoring well was drilled in an industrial facility during aquifer reme-
diation efforts (Fig. 1). When the well was constructed, it was screened throughout what
appeared to be the uppermost aquifer. Later, questions about the water quality prompted
a review of the well’s performance, which indicated that a thin clay layer in the middle of
the screened zone separated two distinct aquifers. The well was important to the monitor-
ing system, and it was not possible to drill a new well at this location. Therefore, as a
rehabilitative measure, a packer was placed at the confining layer. After the packer had
been installed, the well was redeveloped, and the new specific capacity was measured to
verify calculations of the flow through the sand pack around the packer. Analytical samples
continue to be collected regularly.

For this particular well the most acceptable remedial solution was to tolerate leakage
around the packer during purging and sampling. Hydraulic testing indicated that approx-
imately 10% of the water being pumped came from water that had bypassed the packer.
Calculations of dilution based on previous analysis are being made for each sampling
event. The results are sufficient to determine the presence or absence of significant
contamination.

Case History No. 2

A similar physical situation occurred at a large refinery where fairly deep wells are used
to monitor a free oil plume (Fig. 2). Several of these wells are located where it is not pos-
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FIG. 1—Case History No. 1.

sible to operate a drilling rig. When the wells were installed, the floating oil layer was at
the middle of the screen. Later, the water table rose to a level above the top of the screen.
The choice of feasible remedial procedures was either to perforate the casing at the new oil
level and accept the inefficiency of a less screened area with some silting or to extrapolate
data gathered from other on-site wells. In this particular situation, the conclusion was
reached that the data point was sufficiently important to justify the cost of perforating the
casing.

Abandonment (Decommissioning)

When a monitor well no longer serves its intended purpose, the best practice is to con-
vert it to a neutral status to prevent migration of any contaminants. A properly abandoned
well preserves the hydraulic integrity by containing all formation fluids in their proper
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FIG. 2—Case History No. 2.

location and not reacting with the environment. A wide variety of procedures has been
used to decommission normal water and petroleum production wells [2-5]. Some of these
procedures are directly applicable to monitor wells. However, because monitor wells are
often associated with hazardous chemicals, special care must be taken. A decommissioned
well must be considered a permanent fixture and the plugging must be completed
accordingly.

The first necessary step is to plan the abandonment activity carefully, taking into account
a variety of factors which will influence the material selection, ultimate performance,
and economics. Some of the general considerations are discussed in the following para-

graphs.

Well Construction

Plugging techniques must be compatible with the materials of the original well. It is very
important to know the actual construction (as differentiated from the reported construc-
tion) of the well to be abandoned. This knowledge can be used to determine whether it will
be necessary to pull the casing, perforate the casing, or overdrill and remove all existing
materials, or whether simple grouting may be adequate.
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General Geology

Some consideration should be given to the location of the plugged well, especially in
relation to the level the abandonment that will be completed. The alternatives include
finishing at grade level, below grade at a shallow depth, or at a specific depth relating to
confining layers or other geological features.

After evaluation of all the criteria, a specific plan can be developed for each individual
well which will ensure that its closure will maintain the formation fluid pressures at accept-
able levels and prevent the spread of any remaining contaminants.

Local Geology

Development of a plugging plan is highly dependent on the variety and distribution of
the subsurface materials encountered. Some of the factors to be considered are the
following:

@ Is the monitored aquifer artesian or a water table?
® What is the relationship between vertical and horizontal permeability?

® What are the fluid types and pressures? Are they all water, or oil and water, or do they
include vapors?

Quality of Fluids

Containment of fluids requires a knowledge of the chemical and physical quality of the
fluids. The design of the plugging activities must consider factors that will affect the per-
formance of the materials used. Some items to be considered are these:

(a) chemicals and their concentrations in the water-~i.e., volatile organics, chlorinated
organics, organic and other acids, heavy metals, high or low pH, chlorides, or other cor-
rosives; and (b) pathogenic bacteria or viruses, for which special precautions should be
observed if such bacteria or viruses are found to be present.

Examples of Recommended Procedures for Abandonment

The following sections provide some general guidance for various simplified aquifer
situations. The procedures presented here are intended to be guidelines that may be helpful
in designing abandonment programs. The techniques and materials should be modified as
needed for each actual case.

Case History No. 3

A shallow (7.6-m-deep) 50-mm-diameter monitor well in an unconfined sand aquifer
was originally used to determine the concentration of very low levels of volatile organic
compounds [i.e., benzene, toluene, and xylene (BTX)]. The well casing is polyvinyl chlo-
ride (PVC) and no protective casing is involved. The well is located in an agricultural area.

Several acceptable procedures can be used to plug this well. Because the depth is shallow,
it is probable that the casing and screen can be pulled without breaking. If that is successful,
the hole can then be re-drilled with a hollow stem auger. A bentonite-sand mixture can be
pumped through the auger as it is withdrawn. The benefits of this procedures are that it is
inexpensive and effective. Because the well is in a water table, total prevention of vertical
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fluid migration is not necessary, but it should not be more rapid than in the natural mate-
rial. The chemicals present should have no effect on either the materials used or the aqui-
fer. Because this well is in an agricultural setting, it is desirable that no grout or hardened
material be left at a shallow depth where it may interfere with farming activities.
Variations of this procedure include drilling out the entire casing and filter pack (or guid-
ing hollow stem augers over the casing) to a depth of a few feet below the bottom of the
well and grouting, as described above. A second alternative procedure is to pressure grout
through the existing casing and screen, then terminate the casing approximately 1 m below

ground.

For this simple classic situation, any of the procedures just described would be sufficient

to accomplish the overall goal.

Case History No. 4

A more complicated situation occurred near an old landfill in the Midwest (Fig. 3). This
typical mixed-disposal municipal landfill was constructed in glacial till, which appeared,

during initial excavations, to be situated in “impermeable clay.” Unfortunately, at a depth
of only a few metres below the landfill bottom, a reasonably permeable sand aquifer was
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FIG. 3—Case History No. 4.
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found. Glacial till occurs under the sand to an additional depth of 10 m, where fractured
limestone has been found. On a regional scale, the potential gradient is downward. While
vertical movement is slow, it is strongly suspected of being present at the site, based on
the presence of continually increasing chlorides and iron concentrations in the sand aquifer
with each sampling event.

Boreholes made for installation of monitoring wells adjacent to the landfill confirmed
that the sand aquifer was present. A nearby steel-cased 30-m-deep water well extends
downward into the limestone aquifer. As soon as contamination of the shallow aquifer was
confirmed, concern was expressed that, ultimately, the deeper well may become a conduit
for migration of fluids to the lower aquifer. Therefore, the decision was made to plug and
abandon the deeper aquifer well.

Two general options for plugging this well were considered. The most effective (and
expensive) method would be to clean the borehole to its full depth, fill the hole with drilling
mud, and pull both the casing and the grout. A cement bentonite grout would be pumped
through a tremie pipe to grout from the bottom to the top. The second option involved
flushing and cleaning the well to its full depth and plugging it with the casing in place. A
cement bentonite grout would be pumped into the bottom of the borehole to fill the
uncased portion of the borehole and connect with the casing grout to form a solid bottom
seal. The remainder of the casing, to within 2 m of the surface, would be filled with alter-
nating layers of cement grout and short bentonite sections. At the surface, the casing would
be cut off 2 m below the surface and the hole backfilled with native material.

After careful review, the second option was selected. The reasons for this selection were
as follows:

@ The well had been constructed by a reputable contractor and good well log documen-
tation was available.

® Hazardous wastes in small quantitics may have been placed in the landfill, but volatile
organic compound concentrations in the shallow monitoring wells were either below
confirmation levels or not present.

® It was reasoned that if the steel casing were to rust through, the alternating plastic
bentonite layers would squeeze outward to fill any void.

® The cost of pulling the casing and grout would be very high.
® No municipal or residential water use was planned for this area in the near future.

In both of these cases, the plugging procedure was adapted to the site-specific situation.
All of the factors (the geology, chemicals involved, well construction, local water uses, and
other pertinent considerations) were carefully evaluated before designing and implement-
ing the closure. Each change in situation, such as an increased chemical concentration,
different geology, or other variable, would have been considered in the decision-making
process.

General Steps to Consider when Abandoning a Monitoring Well

Preparations to abandon a monitoring well should be made with the utmost care to
ensure that the most appropriate procedures and sealant materials are employed. The fol-
lowing instructions are presented as a guide to designing a monitoring well closure:

1. Evaluate the contaminants involved.
2. Consider the geological formations and aquifer involved.
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WINEGARDNER ON MONITORING WELLS 107

3. Determine the fluid pressures and in-borehole flow.

4. Consider the local geography and land use.

5. Determine the borehole and casing extent, materials, and condition. (Clean them if
necessary).

6. Prepare a plugging plan and select the materials and procedures (pulling the casing,
cutting the casing, grouting in place, etc.)

7. Select an experienced qualified contractor who has the necessary hardware to com-
plete the task.

8. Maintain full records to document the procedures, well location, and other pertinent
information.
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ABSTRACT: Sorption of dissolved constituents from water within a sampling well onto
well-casing materials or sampling equipment is frequently cited as a potential source of bias
in ground-water sampling programs. This study examined the sorption of six monoaromatic
hydrocarbons (benzene, toluene, ethylbenzene, and m-, 0-, and p-xylene) onto seven sam-
pling well materials. The materials included stainless steel, rigid polyvinyl chloride (PVC),
polytetrafluoroethylene (PTFE), polyvinylidene fluoride, epoxy-impregnated fiberglass, flex-
ible polyvinyl chloride (PVC), and polyethylene. Samples of the test materials were exposed
to aqueous solutions containing the six organic compounds for time periods ranging from §
min to 8 weeks. The concentration remaining in solution, at the end of the exposure period
relative to the initial concentration, was taken as a measure of the degree of sorption.

No uptake of any compound onto stainless steel was noted, while some degree of sorption
was observed for all compounds on all polymer well-casing materials. Sorption increased
with increasing hydrophobicity of the organic compounds. The sorption increased in this
order: benzene, toluene, o-xylene, m-xylene, ethylbenzene, and p-xylene. Of the polymer
materials, rigid PVC showed the least sorption, followed by fiberglass and polyvinylidene
fluoride (which were similar) and PTFE. The flexible tubing, polyethylene, and flexible PVC
showed the highest rates of uptake, with significant losses from solution by the first sampling
time (5 min).

The experimental data were shown to follow a diffusion model closely, with effective dif-
fusion coefficients corresponding to different rates of uptake from solution. The mode] was
used to extend the experimental results to monitoring wells of different diameter.

Stainless steel and PTFE are commonly recommended as preferred materials for construct-
ing monitoring wells, particularly if organic contamination is expected. Under the conditions
of this study, and based only on their relative sorption characteristics, several polymer mate-
rials, including rigid PVC, are as advantageous and possibly more advantageous than PTFE.

KEY WORDS: ground water, ground-water monitoring, sampling wells, organic contami-
nants, sampling bias, sorption

A significant decision in the design and implementation of a ground-water monitoring
program is the choice of materials for construction of sampling wells. The choice can be
influenced by regulatory stipulation and by cost, but also by technical factors, including
the mechanical and chemical characteristics of the various materials available for well
construction.

! Director and research coordinator, respectively, Waterloo Centre for Groundwater Research, Uni-
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GILLHAM AND O'HANNESIN ON SORPTION BY WELL MATERIALS 109

Materials used in the construction of sampling wells can affect the chemical character-
istics of water samples through leaching of chemicals from the well material, chemical
attack and dissolution of the material, or sorption of chemicals from the water in the well
onto the well material. Because of the widespread occurrence of organic contaminants and
the fact that many of these are of environmental importance at concentrations as low as a
few micrograms per liter, considerable attention has been focused on the chemical char-
acteristics of well materials and the potential for various materials to cause sample bias.

Based primarily on their resistance to leaching and chemical attack, glass, Type 316
stainless steel, and polytetrafluoroethylene (PTFE) have frequently been cited as the pre-
ferred materials when sampling for organics. Indeed, the Resource Conservation and
Recovery Act (RCRA) Ground-Water Monitoring Technical Enforcement Guidance Doc-
ument (TEGD) issued by the U.S. Environmental Protection Agency (EPA) []] stipulates
Type 316 stainless steel and PTFE as preferred materials for the construction of sampling
wells. However, as more information becomes available concerning the sorptive charac-
teristics of various materials, the preferred choice for well construction has become less
clear and the subject somewhat controversial.

Reynolds and Gillham examined the rate of uptake of five halogenated organic com-
pounds by several polymer materials [2]. Using exposure times of up to five weeks, the
study concluded that sorption onto well casing materials could indeed be a significant
source of sample bias. Nylon, polypropylene, and polyethylene showed the highest rates of
sorption, while polyvinyl chloride (PVC) and PTFE showed rates of uptake that were gen-
erally similar to each other, but much lower than those of the other polymers. An exception
was tetrachloroethylene, which was noted to sorb rapidly onto PTFE. It was further shown
that the rate of uptake was consistent with a diffusion model. In similar studies, using
stainless steel, PVC, and PTFE, several common organic contaminants of ground-water,
and exposure times of 24 hours, Sykes et al. [3] reported that no statistically significant
uptake of any of the materials was noted. Thus, when considering only sorptive processes
and organic contaminants, the available data provide no basis for preference of PTFE over
PVC as a sampling well material; indeed, the data suggest that in some situations PVC
may be preferable.

This study examines the sorption of six monoaromatic constituents of petroleum prod-
ucts on seven materials that could be used in the construction of sampling wells and mon-
itoring devices. The particular objectives were the following;

{a) To provide a qualitative ranking of the seven materials with respect to their poten-
tial to adsorb monoaromatic hydrocarbons,

(b) To test the diffusion model of the sorption process introduced by Reynolds and Gill-
ham {2}, and

{¢) to extend the experimental results to other situations through application of the dif-
fusion model.

Materials and Methods

The organic compounds considered in this study included six soluble constituents of
petroleum products; benzene, toluene, ethylbenzene, and para-, meta-, and ortho-xylene.
The constituents were obtained as analytical-grade compounds and are listed in Table 1
[4.5], along with selected chemical characteristics. The seven casing materials included
Type 316 stainless steel, polytetrafluoroethylene (PTFE), rigid polyvinyl chloride (rigid
PV(), flexible polyvinyl chloride (flexible PVC), polyvinylidene fluoride (PF), flexible pol-
yethylene (PE), and an epoxy-impregnated fiberglass material (FG). The stainless steel, pol-
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TABLE 1—0Organic compounds and selected chemical characteristics.

Octanol-Water

Chemical Aqueous Partitioning
Compound Formula Solubility, mg/L? Coeflicient, K>
Benzene CeH, 1740 140
Toluene C,Hy 554 380
Ethylbenzene CsH,p 131 1410
m-Xylene CH4(CH;), 134 1580
o-Xylene CsH(CH;), 167 1318
p-Xylene CoH,(CH,), 157 1410

4 The values are from Kebe et al. [4].
b Averages of selected values from Hansch and Leo [5].

yethylene, and flexible PVC were all obtained as tubing of approximately 6.5-mm outside
diameter (OD) and 4.0-mm inside diameter (ID), while the rigid PVC was obtained as pipe
of 14-mm OD and 8-mm ID. Virgin PTFE tubing (8 mm in OD and 4.8 mm in ID) was
used, and polyvinylidene fluoride was acquired as rectangular wire having a circumference
of 12.5 mm. The fiberglass material was obtained as a length of S-cm-diameter tubing and
was subsequently cut into strips 1.0 cm wide. All materials were cut into lengths 6.35 ¢cm
long and were cleaned by being washed in a strong organic-free detergent solution, followed
by a rinse sequence using organic-free water, methanol, and organic-free water.

Several lengths of a particular material were placed into 160-mL glass hypovials. After
being filled with a solution containing the six organics of interest, the vials were sealed
with aluminum crimp caps lined with PTFE-faced silicon septa. Because of the larger
diameter of the pipe, 250-mL hypovials were used for the rigid PVC. The surface area of
the tubing in relation to the volume of solution in the hypovials was similar for all mate-
rials, ranging from 2.59 ¢m?/mL (for flexible PVC) to 2.94 cm*/mL (for rigid PVC). This
ratio would be similar to that experienced in a monitoring well having an internal diameter
of about 1.4 cm.

The test materials were exposed 10 an aqueous solution containing all the organic con-
stituents for various lengths of time. The equilibrating solution was prepared by spiking
an 18-L glass carboy of buffered organic-free water with an aliquot of a concentrated stock
solution. The stock solution contained all six organic constituents dissolved in methanol,
each at a concentration of approximately 13 000 mg/L. The concentrations of the organics
in the equilibrating solution ranged from 1.0 to 1.4 mg/L, while the concentration of meth-
anol was 118 mg/L. To prevent bacterial activity, sodium azide was added to the equili-
brating solution at a concentration of 0.05%.

Fourteen exposure times were used, ranging from 5 min to 8 weeks. Five hypovials were
prepared for each sampling material and for each exposure time, giving a total of 490
hypovials. Each set of five included triplicate vials containing the sampling material of
interest and two blanks. The hypovials were filled by gravity flow from the carboy in a
sequence of one blank, the three vials containing the sampling material, and the second
blank. The second blank was used to check for losses by volatilization during the filling
procedure. Efforts were made to minimize volatilization losses by filling the vials quickly,
and all the vials were capped, leaving no head space, within a few seconds of being filled.

The samples were stored in the dark on a “tipping” shaker having a speed of two oscil-
lations per minute. This did not agitate the samples, but the tipping motion ensured com-
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plete exposure of all surfaces to the equilibrating solution. The storage temperature was 22
+ 1°C.

At the appropriate time, the hypovials were removed from the shaker and shaken gently
by hand to ensure that the solution was homogeneous; and when the hypovials were
opened, duplicate sample bottles (10 mL) were filled for analysis.

The organic constituents were extracted from the agqueous phase using hexane at a water-
to-hexane ratio of 9:1. The samples were placed on a rotary shaker for 15 min to allow
equilibration between the water and hexane phases. For analysis, a 2.5-uL aliquot of hex-
ane was removed and injected directly into a Shimadzu GC-9A gas chromatograph. The
chromatograph was equipped with a flame ionization detector (FID) and capillary column.
The column was a 0.32 mm by 60-m fused silica type with a 0.50-uL bonded Supelcowax
10 stationary phase.

Results and Discussion

Figure | shows the results for sorption of benzene on the seven test materials. In the
upper graph, the mean of the two control samples at a particular time (C7) is normalized
by dividing by the initial concentration in the 18-L supply reservoir (). The control data
are Very consistent up to a time of approximately three weeks, with somewhat greater scat-
ter and a slight downward trend appearing at longer times. The data are generally centered
on a relative concentration of 0.95. The apparent 5% loss could be due to volatilization
during filling and sampling of the control hypovials, adsorption onto the glass walls of the
hypovials, adsorption onto the PTFE liners of the caps, or losses around the seals between
the caps and the hypovials. Considering the long duration of the tests, the losses are viewed
as being small and the control data as being particularly consistent. The controls for the
other five organic constituents are not shown but gave very similar results.

The concentrations determined from the duplicate analyses of the triplicate tests at each
time were averaged and were normalized by dividing by the mean concentration of the
controls for that particular material and at the corresponding time. The resulting relative
concentration (C/Cy) is plotted versus time for each material. Referring to the results for
benzene (Fig. 1), both flexible PVC and polyethylene show significant losses at the first
sampling time (5 min), and by one day, approximately 80% and 90% of the benzene ini-
tially present in the hypovials had been lost to the polyethylene and flexible PVC, respec-
tively. The concentrations remained fairly constant at later times, which suggests that some
form of equilibrium had been established during the first day of exposure. At the other
extreme, the relative concentrations determined for the hypovials containing stainless steel
remained relatively constant and at a value close to 1.0 over the duration of the tests. Data
for the remaining four polymer materials were similar for the first 24 h and did not differ
substantially from the stainless steel data. At later times, however, all four materials
showed a distinct downward trend in concentration, indicating sorption of benzene onto
these materials. Of the four polymer materials, not including polyethylene or flexible PVC,
rigid PVC showed the least uptake (25% at 8 weeks), followed by FG, PF, and PTFE. In
the PTFE samples, by 8 weeks approximately 75% of the benzene initially present was lost
from solution, apparently by sorption onto the PTFE.

Results for the other five organic compounds are given in Figs. 2a through 2¢. In all
cases, polyethylene and flexible PVC show very high losses, even after brief exposure, while
there appeared to be little or no loss in the stainless steel tests. For the remaining four
polymers, the order of loss remained the same in all cases (rigid PVC showing the least
and PTFE the greatest), with the amount lost from solution varying from one organic con-
stituent to another. Considering all six compounds, the losses from solution followed the
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FIG. 1—Sorption of benzene on the seven test materials. The solid lines are the fitted
diffusion model.

order of least for benzene, greater for toluene and o-xylene (which were similar), still
greater for m-xylene and ethylbenzene (which were also similar), and greatest for p-xylene,
Though there is not complete agreement, the rate of uptake tends to increase with decreas-
ing water solubility or increasing octanol-water partitioning coefficient (K,,) of the com-
pounds (Table 1). It should also be noted that for compounds that showed the greatest loss
from solution, losses were obvious well before 24 h had elapsed.

A statistical analysis was performed to determine the time at which significant uptake
occurred for each compound-polymer combination. A statistical model was first fitted to
the data to give a measure of the overall experimental uncertainty. This was required to
establish the confidence limits on the data. A two-tailed Student’s f-test was then used to
determine the time at which the C/C; values became significantly different from 1.0. Using
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FIG. 2c—Sorption of m-xylene on the seven test materials. The solid lines are the fitted diffusion model.
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116 GROUND WATER AND VADOSE ZONE MONITORING

TABLE 2—Time interval within which the concentration phase for the compound and casing
material became significantly different from 1.0.

Time, h

Material Benzene Toluene Ethylbenzene m-Xylene o0-Xylene p-Xylene
Stainless steel >1344
PVC (rigid) 48 to 96 24 to 48 12 to 24 1210 24 12 t0 24 12t0 24
FG 24 t0 48 Jto 6 0.1t01.0 3to 6 3to6 3to 6
PF 24 to 48 6to 12 1to3 1to3 0.1t0 1.0 1to 3
PTFE 24 to 48 Jto b 1to3 3to 6 61012 1to3
PE 010 0.1 0to 0.1 0t0 0.1 0100.1 0t00.1 0to 0.1
PVC (flexible) 0t00.1 0to 0.1 0to 0.1 0to0.1 0to 0.1 0to 0.1

a 99% confidence level, C/Cr values of about 0.9 were determined to be significantly dif-
ferent from 1.0. Thus, the time at which there was significant uptake of the organic was
identified as the time at which about 10% of the organic had been removed from the
solution.

The results of the ¢-tests are summarized in Table 2, which shows the time corresponding
to the first set of samples that showed significant uptake. For example, considering the
combination of PVC and toluene, there was significant uptake by 48 h. The model did not
allow interpolations between times. As a result, we know only that uptake became signifi-
cant between the previous exposure time (24 h) and 48 h. For the polymer-compound
combinations in the upper and left-hand regions of the table, sorption is less significant
than for those in the lower and right-hand regions.

No significant sorption of any compound was observed for stainless steel, while signifi-
cant sorption occurred for all compounds on all other materials. For PVC, significant sorp-
tion did not occur for any compound until an exposure time of 12 h had been exceeded
(between 12 and 24 h). This suggests that, provided a PVC monitoring well is sampled
within 12 h of purging, the sample will not be significantly affected by sorption processes.
The other three rigid polymer materials (FG, PF, and PTFE) all show significant uptake
of at least one compound by 3 h. The flexible tubings, on the other hand, show significant
uptake of all compounds by the first sampling time (about 0.1 h). It is difficult to envision
a purging and sampling procedure for these materials in which sorption could be elimi-
nated as a potential source of sample bias.

The trends observed in Figs. 1 and 2 and Table 2 must be applied to field situations with
a substantial degree of caution. In particular, though the qualitative trends should remain
similar, they may differ quantitatively as a result of different surface area to volume ratios.
This question is addressed in the following section.

Application of the Diffusion Model

If the experimental data can be represented by a physically or chemically based mathe-
matical model, then it may be possible to use the model to predict the rate of uptake under
conditions other than those of the experiments. As noted previously, Reynolds and Gill-
ham showed that the time history of sorption of chlorinated organics onto sampling well
materials could be represented reasonably well by a diffusion model [2].

The experimental procedures gave measured values of concentrations in the hypovials.
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More specifically, the procedure involved diffusion from a reservoir of fixed volume (the
hypovial) and initial concentration (C;) into a polymer material of constant surface area.
Assuming that the solution in the reservoir is thoroughly mixed at all times, a solution of
the appropriate form of Fick’s second law gives

€ oy [] [0 0

The parameter RD combines the effects of chemical sorption (R) and the physical diffusion
characteristics of the polymer (D). The parameter A is the ratio of the solution volume to
polymer surface area (L), ¢ is time, C, is the initial concentration in the reservoir (M/L3),
and C is the concentration in the reservoir at times greater than zero (M/L%). In deriving
Eq 1, it is assumed that the medium is semi-infinite. In the case of a tubing material, the
organic compounds diffuse towards the middle of the wall from both the outside and the
inside. Once the concentration profiles meet, presumably near the middle of the wall, the
medium would no longer act as semi-infinite and Eq 1 would no longer apply. Thus, the
applicability of Eq 1 may be limited to a relatively carly time, or to materials that show
relatively low rates of uptake, or to both.

A computer model was used to fit Eq 1 to the experimental data. This involved an
adjustment of RD to give the least-squares best fit to the data. The solid lines of Figs. 1
and 2 were calculated in this manner, and the best-fit RD values are given in Table 3.

Referring to Figs. 1 and 2, the forms of the experimental and calculated curves are very
similar. Though not conclusive, the results provide strong evidence that the mechanism of
uptake is indeed molecular diffusion.

Two exceptions to the above trend should be noted. The diffusion equation did not
match the data for the flexible tubings (PE and flexible PVC) particularly well. Uptake of
the organics in these materials was very rapid, and thus, the assumption of a semi-infinite
medium would be violated at a very early time. Therefore, for most of the experiment the
model is not appropriate and, thus, the relatively poor agreement is not surprising. In the
second case, with the exception of benzene, the diffusion model tended to predict lower
concentrations in solution at intermediate times (between about 1.0 and 24 h) for PTFE
than were actually measured in solution. It is unclear at this time whether the differences
represent a particular characteristic of PTFE or whether they are again the result of the
semi-infinite medium assumption. The model would, of course, not fit the stainless steel

TABLE 3—Values of RD determined for each compound and each sampling material®

RD Values, cm/s

Material Benzene Toluene o-Xylene m-Xylene Ethylbenzene  p-Xylene
PVC (rigid) 59 x107° 73X 107° 1.4x107% 12x10% 18x 107"
FG 85x 107° 28X 107° 26x107% 70x10% 87x10% 93x10°?
PF 19X 1078 57X 107% 89 x107% 1.3x1077 83x107% 15X 1077
PTFE 33X 107% 14X 1077 13X1077 37X 1077 30X1077 6.1 X 1077
PE 75X 107¢ 45x107% 89X 107° 1L1x107* 1LOX107* 12x10°*

PVC (flexible) 4.6 X 107% 10X 107* 13X 107* 13X 107* 14X 10°* 14X 10°*

2 Note that, because there was no measurable uptake, RD values could not be calculated for stainless
steel.
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120 GROUND WATER AND VADOSE ZONE MONITORING

data since there was no significant decline in concentration. The model could also not fit
the benzene data for PVC for the same reason.

Referring to Table 3, the best-fit RD values range over about four orders of magnitude,
from 8 X 107° cm?/s for benzene in fiberglass to 1 X 107* em?/s for p-xylene in flexible
PVC. The low values correspond to cases in which uptake was relatively slow, while the
highest values correspond to high rates of uptake (flexible tubing). If the RD parameiter is
the combined effect of both diffusive and chemical partitioning processes, then the wide
range in the values of Table 3 indicates a very wide range in either the diffusive character-
istics or the chemical partitioning characteristics of the materials included in the study.
Unfortunately, from the sorption experiments, there is no means of quantitatively sepa-
rating the diffusive process from the chemical partitioning process.

The RD values increase down the table, indicating that the inertness of the materials is
in the following order: stainless steel > PVC (rigid) > FG > PF > PTFE > PE > PVC
(flexible). This is reasonably consistent with both the qualitative and statistical evaluation
of the data. Furthermore, the RD values generally increase from left to right, which suggest
that the inertness of the organic compounds is in the order: benzene > toluene > o-xylene
> m-xylene > ethylbenzene > p-xylene. Though there are exceptions, the order of
decreasing inertness is in the order of decreasing water solubility and increasing octanol-
water partitioning coefficient (Table 1). It should also be noted that the RD values tend to
be more sensitive to the sampling material than to the organic compound. Over the com-
pounds studied, the RD values generally vary by less than a factor of ten, while over the
sampling materials, the RD values vary by three to four orders of magnitude.

Based on the foregoing results, the authors suggest that the diffusion model gives a rea-
sonably accurate representation of the data and can therefore be used to extend the results
beyond the condition of the experiment. In particular, the diffusion model was used to
examine the effect of well diameter on the rate of uptake. As the well diameter increases,
the solution volume to surface area ratio increases, and thus lower rates of uptake would
be expected.

Simulations were performed using RD values ranging from 1073 to 1078 cm?/s and well
diameters ranging from 1.3 to 15.2 cm. The results are given in the graphs of Fig. 3. In
these graphs, Cr refers to the initial concentration of the contaminant in the water entering
the well. In addition to increased uptake with increasing RD values, as observed previ-
ously, the rate of uptake declines significantly with increasing well diameter. For example,
if a particular contaminant and well material combine to give a RD value of 107° cm?/s,
then in a 1.3-cm-diameter well, 10% of the contaminant would be lost by sorption onto
the well material in about 15 min. On the other hand, ifa 15.2-cm well were used, it would
take almost 3000 min (50 h) before 10% of the contaminant would be lost. Clearly, the
potential effects of sorption on sample bias are reduced with increasing well diameter.,

If it is agreed that a 10% decline in concentration as a result of sorption processes is
tolerable, then Fig. 3 can be further reduced. The time at which a diffusion curve declines
to a relative concentration of 0.9 represents the tolerable time of exposure. Thus, from Fig.
3, the maximum time of exposure (the maximum time that the sample should be exposed
to the well material), for a particular RD value, can be determined for the various well
diameters. This can then be plotted on a graph of time (maximum exposure time) versus
well diameter for various RD values. This procedure was followed in generating Fig. 4.

Figure 4 is applicable to the design of monitoring wells. For example, if it has been deter-
mined that wells having a diameter of 5 cm will be used in a particular project, and that
the wells will be purged one day and sampled the next (24-h exposure time), then a material
having an RD of about 3 X 1077 cm?/s for the contaminants of interest should be selected.
If the contaminant of concern is p-xylene, then all materials from Table 3, with the excep-
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FIG. 4—Time versus well diameter for various RD values, in centimetres squared per second.

tion of polyethylene and flexible PVC, would be suitable for construction of the sampling
wells. Had 1.3-cm wells been used (RD = 107% cm?/s), then, of the polymer materials, only
PVC and fiberglass would be suitable. Alternatively, if the material is selected and the RD
for the material and the anticipated contaminants are known, then Fig. 4 could be used to
select the well diameter and sampling schedule (the time between purging and sampling).

Conclusions

Considering only the uptake of contaminant from solution and under the limited range
of conditions studied, stainless steel was clearly the most favorable of the well materials
examined, showing no significant uptake over the eight-week period of the tests. On the
other hand, all polymer materials adsorbed all compounds to some extent, with the order
of sorption (more favorable to less favorable) being as follows: rigid PVC < fiberglass <
polyvinylidene fluoride < polytetrafluoroethylene << polyethylene < flexible PVC. The
flexible tubings (polyethylene and flexible PVC) showed substantial uptake after only 5 min
of exposure. Of the four remaining materials, rigid PVC showed substantially lower rates
of sorption than PTFE, and fiberglass and polyvinylidene fluoride showed intermediate
characteristics.

A diffusion model provided a good fit to the data, suggesting, though not proving, that
the sorption mechanism is diffusion into the polymer material. The trends in the values of
the effective diffusion coefficients (RD) indicate that the rate of uptake increases with
increasing hydrophobicity of the organic compounds and with the physical characteristics
of the polymer materials. For the compounds studied, RD values increased by about an
order of magnitude with increasing hydrophobicity, while, for the polymers studied, RD
values ranged over about four orders of magnitude. At least for the aromatic compounds
of this study, the rates of uptake appear to be much more sensitive to the polymer char-
acteristics than to the chemical characteristics of the organic compounds.
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122 GROUND WATER AND VADOSE ZONE MONITORING

Though all polymer materials sorbed all organics, with the exception of flexible PVC
and polyethylene, all might still be suitable for construction of ground-water monitoring
wells. Based on simulations using the diffusion model, through selection of an appropriate
well diameter and an appropriate interval between well flushing and sample collection,
significant bias as a result of sorption processes could be avoided. Clearly, however, rigid
PVC is the most favorable of the rigid polymer materials.

With rigid PVC being the most commonly used material for the construction of ground-
water monitoring wells, with many monitoring networks having already been established
using PVC, and considering the much lower cost of PVC, there is considerable reluctance
to accept the EPA recommendation that stainless steel or PTFE materials be used. The
results of this study, as well as the work of others [2,3], support the resistance to the use of
PTFE.

There are situations for which PVC is not suitable. Generally, these include sites where
there are high concentrations (or free product) of solvents, such as acetone, that will dis-
solve PVC, In these particular cases, stainless steel, or PTFE would indeed be preferable.
In monitoring for petroleum products and many other industrial solvents, PVC would
appear to be technically satisfactory, while offering a considerable price advantage over
both stainless steel and PTFE.
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ABSTRACT: Single-well hydraulic tests yield order-of-magnitude estimates of the hydraulic
conductivity of aquifer materials around a single well. Although the single-well tests are less
accurate than multiple-well pumping tests, they are often an attractive option when a quick,
inexpensive estimate of hydraulic conductivity is required. There are three basic methods for
determining the hydraulic conductivity from a single well:

@ Slug test—This method is also commonly referred to as a falling-head test or bailer test.
It involves the instantaneous addition or removal of a given volume (slug) of water from
a monitoring well with measurements of the recovery collected over a period of time.

e Constant-head test——This method involves a measured discharge of water into a moni-
toring well to maintain a constant water level within the well. The method is more com-
monly used where the aquifer materials have moderate to high hydraulic conductivity
values.

e Single-well pumping test—This method is no different from an aquifer pumping test
except that water level measurements are collected from just the pumped (monitoring)
well. The pumping rate is kept constant throughout the test, and water levels are mea-
sured over a period of time.

The choice of a single-well test method in a specific situation depends on a variety of fac-
tors. A decision-making flowchart has been developed to help select a hydraulic test method
that incorporates both geologic conditions and monitoring well construction details. This
flowchart will allow a hydrogeologist or ground-water engineer to assess quickly which test
method is the most appropriate for a specific situation.

KEY WORDS: slug injection, slug withdrawal, pumping test, constant-head test, falling-head
test, bailer test, hydraulic test, hydraulic conductivity

Most ground-water monitoring programs include an assessment of the rate of ground-
water flow and a determination of the area of potential contamination. To make this
assessment, the hydraulic conductivity of the aquifer must be estimated. The hydraulic
conductivity of the aquifer can be determined by several methods, including multiple-well
pumping tests, laboratory analysis of soil samples, and single-well hydraulic tests. Multi-
ple-well pumping tests yield the greatest amount of data about the aquifer (its transmissiv-
ity, storativity, leakage, boundary conditions, and other kinds of data), but these tests are
costly and time-consuming and, if the aquifer is contaminated, pose a problem of dealing

! Senior hydrogeologist, Atlantic Environmental Services, Inc., Colchester, CT 06415.
2 Hydrogeologists, TRC Environmental Consultants, Inc., East Hartford, CT 06108.
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126 GROUND WATER AND VADOSE ZONE MONITORING

with the contaminated discharge. In multiple-well pumping tests, the heterogeneities of the
aquifer are averaged so that the hydraulic properties of the aquifer as a whole can be accu-
rately determined. Papers by Freeze and Cherry [1], Walton [2], Driscoll [3], Mandel and
Shiftan [4], and Todd [5] are just five of the several references that discuss the procedures
and analyses of multiple-well pumping tests.

Laboratory analyses of relatively undisturbed core samples were developed to evaluate
hydraulic properties of earth materials. Lambe describes the laboratory tests that can be
made on both cohesive and cohesionless soils using a variety of different procedures [6].
Soil laboratory analyses are particularly useful on soils with a very low hydraulic conduc-
tivity, where in sifu test methods either are impractical or may take a very long time to
complete. The two main types of laboratory tests are falling-head and constant-head tests.
A Shelby tube or some other sampling device is used to collect an undisturbed cohesive
soil sample. In the laboratory, the sample can be oriented so that either the horizontal or
the vertical hydraulic conductivity is measured. A laboratory analysis of a cohesionless soil
is not practical for a ground-water monitoring program because of the difficulty of obtain-
ing representative undisturbed samples of the aquifer.

A particle-size distribution analysis is another laboratory technique that can be used to
estimate hydraulic conductivity. Based on hydraulic conductivity work on uniform sands,
Hazen derived the empirical equation

sz%()

where K equals the hydraulic conductivity, in centimetres per second, and d, is the par-
ticle-size diameter, in millimetres, at which 10% by weight of the soil is finer. Freeze and
Cherry indicate that this method of estimating hydraulic conductivity is useful for most
soils in the fine sand to gravel range [/].

Hvorslev developed a series of empirical formulas for the in situ determination of
hydraulic conductivity in individual monitoring wells (piezometers) [7]. Empirical for-
mulas based on laboratory experiments were developed for both slug and constant-head
tests. These single-well hydraulic tests have been found to be an inexpensive method of
quickly estimating the hydraulic conductivity in the vicinity of a monitoring well. The use
of these tests has increased significantly over the last 30 years.

There are a number of assumptions which Hvorslev made when developing the formulas
for the single-well hydraulic tests [7]. These assumptions, which also apply to single-well
pumping tests, are as follows:

@ the well screens are placed in a porous material (soil);

@ the soil has infinite directional isotropy;

@ there is no disturbance, segregation, swelling, or consolidation of the soil;
@ there is no sedimentation or leakage;

@ there is no air or gas entrained in the soil, well screen, or riser; and

® the hydraulic losses in the riser, well screen, or filter are negligible.

The assumptions of Hvorslev also apply to single-well pumping tests.

Single-well pumping tests were developed simultaneously with multiple-well pumping
tests but tended to be overlooked because they yielded fewer data on the aquifer charac-
teristics. Analysis and interpretation of single-well pumping tests is more complicated than
for slug and constant-head tests. A detailed description of each of the three types of single-
well tests (slug tests, constant-head tests, and pumping tests) is given in the following sec-
tions of this paper. The three methods of testing are considered together in a decision-
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making flowchart in the final section. This flowchart will allow the reader to assess which
test method is most appropriate for a specific situation.

Slug Tests

Slug tests are often favored over multiple-well pumping tests because of their relatively
low cost and the fact that they can be run on single wells. Up to several dozen of these tests
can be performed in a single day on wells screened in materials of moderate permeability,
whereas multiple-well pumping tests can take hours, days, or even weeks to complete.
Unfortunately, the data provided by slug tests are less reliable and less useful than those
provided by multiple-well pumping tests. In general, slug tests produce data which are
order-of-magnitude estimates of hydraulic properties at best. In addition, the tests do not
provide data on important aquifer parameters such as storativity. The tests should not,
therefore, be considered a replacement of multiple-well pumping tests but, instead, should
be used as a tool to gain a quick order-of-magnitude estimate of the hydraulic conditions
in the immediate vicinity of a single well.

Slug tests, and to some extent any type of single-well test, should be considered hydraulic
tests rather than true aquifer tests because they generally influence only the zone within a
metre, or so, of the well. The tests are thus highly sensitive to drilling methods and well
construction techniques. Well construction techniques which disturb as little of the aquifer
as possible are favored and include the following:

@ hollow stem continuous auger,
@ cable tool,

@ air rotary,

@ water/mud rotary, and

@ solid stem continuous auger,

Final selection of a drilling technique must be based on site-specific conditions {8].

The high sensitivity of slug tests to well construction techniques can make them a valu-
able tool in assessing the effectiveness of well development. If a well has not been devel-
oped adequately, the calculated hydraulic conductivity from a slug test will be lower than
the true value for the aquifer because of the presence of fine material in the area around
the well screen. Faust and Mercer suggest that these “skin effects” are due to the entrain-
ment of gas within the aquifer or well screen or to the invasion of the aquifer by drilling
fluids [9]. Successive slug tests during well development can, therefore, help to determine
whether additional development is warranted. Black and Kipp suggest the use of slug tests
in conjunction with multiple-well pumping tests to evaluate observation well response
time [/0].

In general, slug tests should only be performed in materials of moderate to low hydraulic
conductivities {1077 to 107? cm/s). Hydraulic conductivities higher than this will cause
water levels to recover too quickly for accurate measurement. Slug tests in aquifers with
conductivities near the high end of the range (107? cm/s) require a system of rapid water
level measurement such as a pressure transducer and data logger. If the hydraulic conduc-
tivities are too low, the recovery of the water levels will be too slow to be practical.

Slug Test Methodology

Injection/Withdrawal of Slug—An assumption common to all the techniques for ana-
lyzing slug test data is that the injection or withdrawal of the slug of water is instantaneous.
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128 GROUND WATER AND VADOSE ZONE MONITORING

The solution to the problem is the same whether water is added or removed from the well.
In wells where part of the screen extends into the unsaturated zone above the water table,
only slug withdrawal techniques are applicable. If water is added to a well screened into
the unsaturated zone, the water will flow out of the well into the unsaturated materials at
a rate proportional to a value between the saturated and unsaturated conductivity.

Slug injection consists of adding a known volume of water into the well as rapidly as
possible. For small-diameter wells (less than 10-cm (4-in.) in diameter), this can be done
casily by one person with a bucket. For larger wells, more elaborate injection schemes may
be necessary. Bredehoeft and Papadopulos, and Neuzil suggest that injection tests with
shut-in pressure may be used to speed the test in tight formations [71,12].

There are a vanety of techniques used for slug withdrawal. If a pump is to be used, the
pumping rate must be considerably greater than the maximum inflow rate and the pump-
ing time must be kept short so that an instantaneous withdrawal can be approximated. The
favored method for slug withdrawal is the weighted float method. A long piece of weighted
pipe with a diameter slightly less than the well casing is sealed at both ends and lowered
into the well until it reaches a level at which it floats. The presence of the weighted float
displaces the water level in the well upward to some nonequilibrium level. The water level
is then allowed to return to its static level at which time the weighted float is rapidly pulled
from the well. The water level in the well then drops instantaneously, the volume of the
drop being equal to the volume displaced by the weighted float. The upward recovery of
water levels are then measured versus elapsed time. An obvious advantage of the weighted
float method is that no water is actually withdrawn from the well. In cases where the
ground water is contaminated and discharge from the well must be contained, this may be
a major advantage.

Water Level Measurement During Slug Tests—As with pump tests, the rate of water
level recovery after a slug of water is added or removed from a well decreases logarithmi-
cally. Measurements should thus be made rapidly at first and then less rapidly as the test
progresses. It is important to know the initial head difference caused by the slug. This can
be measured directly at time zero or determined indirectly by calculating the rise or fall of
water level which a slug of known volume should have produced. Several references,
including papers by Hvorslev and the U.S. Environmental Protection Agency (EPA), sug-
gest that the tests should be run until recovery is 85 to 90% completed [7,8]. Recovery
information beyond these levels offers little additional information and may be quite time-
consuming to collect; the EPA indicates that 99% recovery takes twice as long as 90%
recovery [8]. Wells screened in low-permeability materials may take too long to recover to
make the measurement of 90% recovery practical. In these cases, it may be found, after
plotting the data during the test, that a solution is possible when as little as 50% of the
recovery has been achieved.

Water level measurements taken during slug tests can be made using the same tech-
nigues as those used for pumping test measurements. If recovery is expected to be rapid,
a pressure transducer should be used. An electronic data logger attached to this pressure
transducer allows the best data collection. For wells that recover more slowly, an electric
sounder or other type of manual measuring device may be sufficient, Mechanical strip-
chart recorders with weighted floats offer an additional option for wells that recover slowly.

Analytical Techniques to the Solution of Slug Test Data

Analytical techniques for the solution of slug test data were first developed by Hvorslev
[71. Hvorslev states that if ground water flows to a well according to Darcy’s law, then the
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rate of flow must be proportional to the hydraulic conductivity of the material around the
well, the amount by which the water level has been displaced from equilibrium, and
the surface area of the well. The basic Hvorslev equation for the solution of slug test data
is

k=4__1 H

F(TI,-T) H,
where X = the hydraulic conductivity, 4 = the cross-sectional area of the well, F = a
factor representing the shape of the well intake, T, = time x, and H, = §,/S,, where S, is
the initial drawdown at the start of the test. Recovery data are plotted on a graph with the
log of H,/H, on the y-axis and linear time on the x-axis. A best fit line is drawn through
the data and two arbitrary points on the line are chosen for the calculation (7, H,; 75, H,).
Shape factors have been determined empirically for a variety of field situations and are
presented by Hvorslev [7], the Naval Facilities Engineering Command (NAVFAC) [13],
Bouwer and Rice [14], Cedergren [15], Lambe and Whitman [16), and the U.S. Depart-
ment of Interior [17].

The list of field situations covered by these references includes both confined and uncon-
fined aquifers. Although Cooper, Bredehoeft, and Papadopulos have shown that the results
of this method are not precise [18], the method is still considered valid for determining
order-of-magnitude estimates of hydraulic conductivity. A computer program which solves
for hydraulic conductivity using the technique described above has been developed by
Thompson [19].

Cooper et al. recognized several problems with the Hvorslev technique and presented
an alternate method using a curve matching for the analysis of slug test data [18]. The
technique is applicable only to confined aquifers and produces values for both transmis-
sivity and storativity. The authors point out, however, that the value of storativity deter-
mined with this method has questionable reliability. Bredehoeft and Papadopulos
extended the method of Cooper et al. to tight formations [/ 1]. Their method involves the
use of shut-in pressure to speed a return to equilibrium water levels after a slug of water is
injected.

Constant-Head Tests

Constant-head tests of monitoring wells were developed concurrently with slug tests and
are conducted by adding a known rate of flow of water into a well to maintain a constant
piezometric head. Hydraulic conductivity values can be calculated from the known dis-
charge and constant piezometric head values by using an empirically derived formula.

Constant-head tests have the same advantages of low cost and convenience as slug tests.
As many as ten tests can be made daily on individual wells. The practical range of soil
hydraulic conductivities which can be tested by the constant-head method is 107 to 10!
cm/s. This range covers a wide variety of soil types, more than either the slug or single-
well pumping tests. A constant head can be maintained for an indefinite amount of time,
allowing a large volume of water to be introduced into the aquifer. Because of this, a con-
stant head test can average the hydraulic conductivity of a larger portion of the aquifer
than a slug test can.

The information provided by constant-head tests, like slug tests, is less reliable and use-
ful than information provided by either multiple-well pumping tests or laboratory tests.
The hydraulic conductivity values generated by constant-head tests are order-of-magnitude
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130 GROUND WATER AND VADOSE ZONE MONITORING

estimates. The tests do not provide values of other important aquifer characteristics, such
as storativity or leakage.

There are several potential disadvantages to performing constant-head tests. Constant-
head tests, particularly those done in permeable materials, require large volumes of water.
Often ground-water monitoring wells are located far from sources of suitable water (sedi-
ment free and contaminant free). Without a nearby source of water, the ability to conduct
the test becomes logistically difficult. If the wells are part of an ongoing ground-water mon-
itoring program, it may not be desirable to discharge water into the well. In many cases,
federal or state regulations will prohibit the injection of water (even clean water) or require
a ground-water discharge permit. The discharge will certainly affect the water quality of
the aquifer immediately surrounding the well for some period of time. Perhaps the greatest
disadvantage of the constant-head test is that it cannot be conducted in wells where the
well screen extends above the water table.

Constant-Head Test Methodology

The constant-head test procedure is the most simple of the three single-well hydraulic
tests. Prior to discharging water into the well, an accurate static water level is measured.
Water is then discharged into the well until a constant piezometric head is maintained by
a constant discharge.

The piezometric head can be measured a number of ways, including by transducers,
water level indicators, or a chalked steel tape. Transducers are likely to give the most reli-
able readings. They can handle rapid small-scale fluctuations better than the other two
measurement instruments. Fluctuations occur when the flow into the well is great enough
to cause turbulence. The discharge rate should be accurately measured and the test should
be run until the piezometric head and the discharge have stabilized.

Analytical Techniques to the Solution of Constant-Head Test Data

Analytical techniques for the solution of constant-head test data from monitoring wells
were developed by Hvorslev [7]. The basic Hvorslev equation for the solution of constant
head test data is

_ 4
FH,

K

where K = the hydraulic conductivity, ¢ = the rate of flow into the well, F = a factor
accounting for the shape and soil conditions surrounding the well intake, and H, = the
constant piezometric head. Hvorslev empirically developed shape factors for a variety of
field situations which are presented in papers by Hvorslev [7], NAVFAC [13], Bouwer and
Rice, [14], Cedergren [15], Lambe and Whitman [/6], and the U.S. Department of the
Interior [17], as well as in many other geotechnical or soil mechanics textbooks. The factors
consider confined and unconfined conditions as well as a variety of geometric configura-
tions for well intakes. Many modifications of Hvorslev’s original techniques have been
developed by others, such as the U.S. Department of the Interior [17].

Single-Well Pump Tests

Although much has been written about multiple-well pumping tests, very little has been
written about using single-well pumping tests. Under certain conditions, however, single-
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well pumping tests may be the only feasible means of determining hydraulic conductivity
in the vicinity of a well.

As stated previously, slug tests cannot be effectively applied in situations where the
hydraulic conductivity of the aquifer materials approaches 1072 cm/s. Constant-head tests
also have a practical range of hydraulic conductivities which can be measured. Very per-
meable formations will require large volumes of water, applied rapidly. Unless a fire
hydrant and fire hose are available, a constant-head test may not be possible. Furthermore,
large flows of water into a small-diameter monitoring well will produce rapid head fluc-
tuations due to turbulence.

Single-well pumping tests share an advantage with constant-head tests over slug tests.
Pumping tests and constant-head tests can be run indefinitely, which allows increasing
amounts of water to be withdrawn or added, thus increasing the volume of aquifer that is
hydraulically tested. The typical slug test, which would involve about three linear metres
(10 ft) displacement of water in a 5-cm (2-in.) monitoring well with a 3-m (10-ft) screen,
displaces water in only a 8.1-cm (3.2 in.) radius around the well, if the effective porosity of
the aquifer is 0.1. A 2-h pumping test or constant-head test at 18.9 L/min (5 gal/min) dis-
places water in a 152-cm (60-in.) radius around the well under the same conditions. (This
example ignores the subtleties of elastic deformation of the water and aquifer, but it is
sufficiently precise to make the point.) As stated in the previous section, slug tests are sen-
sitive to the degree of well development and skin effects. Pumping tests and constant-head
tests of sufficient duration begin to overcome these liabilities.

Pumping tests have their own set of liabilities, however. At hazardous waste sites, release
of pump discharge water on the ground may be disallowed by regulators or may pose
potential liability risks. Containing the water for later disposal may not be cost-effect-
ive.

In moderately permeable formations, it may not be possible to maintain a constant
pumping rate as the test progresses. As the drawdown increases, discharge will decrease,
especially if a peristaltic or centrifugal pump is being used. (Usually, these types of pumps
are preferred over submersible pumps because of the ease of decontamination between
wells and their flexibility with regard to the well diameter.) As long as the total height that
the water must be lifted does not exceed about 7.6 m (25 ft), the pump discharge valve can
be adjusted to maintain a constant discharge rate. Although, theoretically, suction can Lift
a water column equal to 1 atm of pressure [~10.4 m (34 ft)], experience has shown that
as the lift approaches 7.6 m (25 ft) the discharge cannot be maintained at a constant rate.

Single-Well Pumping Test Methodology

Mandel and Shiftan [4] and Strausberg [20] present brief discussions of single-well
pumping tests as an alternate hydraulic testing technique. However, the theory behind this
method is really just a limited application of the more general theory of pumping tests with
observation wells. This more general theory was first presented by Theis for a confined
aquifer [27]. Subsequent workers developed the theory for a variety of conditions, such as
an aquifer confined by a leaky aquitard, an unconfined aquifer, partially penetrating wells,
and recharging and impermeable aquifer boundaries. A comprehensive treatment of well
hydraulics can be found in Walton [2]. Widely available textbooks, such as those by Freeze
and Cherry [7] and Todd [5] give excellent introductions to the topic.

For hydraulic testing of a single well, the semilog method developed by Cooper and
Jacob is the best suited [22]. Although curve-matching techniques could be employed, the
semilog method allows calculations to be made in the field, even during the test. Such real-
time results allow for maximum flexibility.
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132 GROUND WATER AND VADOSE ZONE MONITORING

The Theis equation is

> e "du
st = 41%‘1; u

where s(r,?) is the drawdown (at any radius from the pumped well and any time since the
start of pumping) and

This equation can be represented by the infinite series

-2 (_ _ v
s = T 05772 —Inu+ u 791 + 33 + ...

After sufficient time has elapsed since the start of pumping, the sum of the series beyond
the second term can be ignored. Substituting the equation for u and changing to the base-
10 logarithm yields

230, 2.25Tt
S = Tt B3y

The radius (7) in this equation is the distance to the observation well in a multiple-well
pumping test, but is considered the effective well radius in a single-well test. This effective
well radius is not known. Plotting drawdown (s} versus time (¢) on a semilog graph (time
on the log scale) yields a straight line after sufficient time has elapsed. Todd has stated the
if u << 0.01, the Cooper-Jacob approximation is valid [5]. The above equation can be
solved for transmissivity (T)

2.30
r= 4rls

where As is the drawdown over one log () cycle and @ is the constant discharge rate.

As stated previously, constant discharge is often difficult to maintain. If the discharge
port valve is partially closed at the start of the test, it can be opened incrementally to
maintain a constant discharge. When the maximum depth that a centrifugal or peristaltic
pump can lift has been exceeded, the discharge will sharply decrease and the water level in
the well will begin to fluctuate. If this occurs, the pump should be shut off and the residual
drawdown versus time measured. If the diameter of the well being tested in 10.2 cm (4 in.)
or more, submersible pumps designed for domestic wells can be used. Air-lift pumps are
another feasible option for small-diameter wells [wells with diameters less than 10.2 ¢cm (4
in.)] with greater than 7.6 m (25 ft) of lift.

Recovery data from single-well pumping tests can be used to calculate transmissivity. In
fact, recovery tests have the advantage over pumping tests in that they are not as sensitive
to fluctuations in discharge rate, well losses, and nonhorizontal flow. Late-stage data (the
portion used in the Cooper-Jacob approximation) for a recovery test cover a period when
flow to the well is slow and therefore laminar, minimizing well losses. In the case of uncon-
fined aquifers, late-stage data are collected when the aquifer has recovered most of its sat-
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urated thickness, thereby more closely conforming to the Theis equation assumptions. One
possible lability of using recovery data in an unconfined aquifer is that air bubbles may
become entrained in the dewatered portions of the aquifer, thereby decreasing the effective
transmissivity of the materials during recovery. Therefore, Strausberg suggests that the
recovery data should be analyzed in conjunction with pumping data [20].

Recovery test analysis is based on the fact that the drawdown of multiple pumping wells
is additive. Thus, an imaginary recharging well is superimposed on the pumping well at
the beginning of the recovery period and is considered to be recharging water at the same
rate that the pumping well had been discharging. The effects of the imaginary recharging
well are added to the effects of the imaginary extension of pumping, Residual drawdown
is plotted against the ratio of the total elapsed time versus the time since recovery began.
Analysis proceeds according to the Cooper-Jacob method outlined above. More in-depth
treatment of recovery tests is given in the general references cited above.

Analysis of pumping test data can be complex. Under suitable conditions pumping tests
yield more information about the aquifer than constant-head or slug tests. Recharging or
impermeable boundaries will cause a change in slope of the linear portion of the drawdown
versus log time plot. Pumping an unconfined aquifer may cause a phenomenon called
delayed vyield, which would manifest itself in the drawdown versus log time plot as a
change in slope similar to a recharging boundary. This phenomenon, which is related to
vertical flow components, is treated by Neuman [23-25] in depth and in introductory form
in the text books just referenced [23-25]. In the authors’ experience and in the small
amount of literature available concerning single-well pumping tests, delayed water table
response does not occur early enough in the test to interfere with calculation of T by the
Cooper-Jacob method.

Often monitoring wells are constructed primarily to collect water quality samples and
often they do not fully penetrate the aquifer. Todd gives an introduction on how to correct
drawdown values for partially penetrating wells [5]. The well can be considered fully pen-
etrating if it penetrates at least 85% of the aquifer. Also, if the geologic log for the well
indicates that the vertical hydraulic conductivity is likely to be at least an order of mag-
nitude less than the horizontal conductivity (e.g., if there are frequent stringers of lower
permeability material), partial penetration can be ignored. Similarly, if the aquifer is sub-
divided by lower permeability layers and the well screen almost fully penetrates one of the
subaquifers, partial penetration can be ignored.

Hydraulic conductivity is defined as 7/5. In the case of a partially penetrating well, selec-
tion of a value for b would proceed according to the logic used to consider partial penetra-
tion. In aquifers where the vertical conductivity is less than the horizontal, b is equal to
the screen length. Todd suggests that where the screen penetrates at least 85% of a subpart
of the aquifer, b equals the thickness of that subpart [5]. If the screen extends through all
of the aquifer and some of the confining layer, b equals only the aquifer thickness. If draw-
downs have been corrected for partial penetration, b equals the total aquifer thickness.
Drawdowns in a pumping test of an unconfined aquifer should be less than 10% of the
aquifer thickness, b, so that the Theis assumption of constant T is not seriously violated.

Determining the Best Test Method

Figure 1 shows the decision flowchart for selecting the correct type of hydraulic test. The
decision process moves left to right through the flowchart. The decision process leads to
the selection of one of five possible options for the hydraulic test: a pumping test with
discharge water released to the environment, a pumping test with discharge water con-
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tained, a constant-head test, a slug extraction test, and a slug injection or extraction test.
Under favorable conditions, the flowchart may yield more than one possible hydraulic test
method. In that case, the most convenient method may be selected. If the possible choices
are between a slug test and a constant-head test, the constant-head test should be selected
because it yields results more representative of the aquifer. A step-by-step description of
the flowchart follows.

The first two decisions which must be made concern the expected hydraulic conductiv-
ity. An estimate of the hydraulic conductivity can be made from the geologic log of the
well. Particle size analysis is not necessary since only an order-of-magnitude estimate is
needed. The textbook by Freeze and Cherry gives a useful chart showing hydraulic con-
ductivity ranges for various geologic materials [/].

If the hydraulic conductivity is less than 1072 cm/s, a pumping test is not possible and
the decision process moves down to consider whether the conductivity is greater than 104
cmy/s. Strictly speaking, pumping tests are not restricted to conductivities greater than 1072
cmy/s. Strausberg successfully conducted a low-discharge pumping test on materials which
had a measured hydraulic conductivity of 2.4 X 10~ ¢cm/s. [20]. However, somewhat spe-
cialized equipment is needed, and some step testing is needed to select the proper discharge
rate.

If the hydraulic conductivity is greater than 107 cm/s and less than 1072 cm/s, a slug
test or constant-head test can be performed. Let us assume that the conductivity is
expected to be less than 107* cm/s. In that case, only a slug test can be performed, and the
decision process moves downward and to the right in the flowchart to the question of well
construction. If the well screen extends above the water table, testing methods which
involve adding water to the well should not be used.

If the well screen does bracket the water table, a slug extraction test should be conducted
and the decision process is complete. If the screen is entirely below the water table the
decision process moves down and to the right to the question of the integrity of the water
quality. If the tested well is going to be sampled for water chemistry, adding water to the
well may dilute (or increase!) contaminant concentrations. In reality, this is not a serious
consideration for slug tests because purging the well prior to sampling should remove all
the water added. However, in sensitive situations, where the results of sampling may have
to stand up in court, it would be better to use the slug extraction technique. If the water
quality is not an issue or hydraulic testing can be delayed until sampling is complete, the
decision process moves forward to the lower right corner of the flowchart where either an
extraction or injection test can be used.

We are now finished with the lowest branch of the flowchart (dealing with conductivity
less than 107 cm/s). If the expected hydraulic conductivity is less than 1077 cm/s, a normal
slug test is not practical because of the long time required to observe head decline. In this
case, various laboratory methods, such as hydraulic testing of undisturbed core samples,
may be used.

Returning to the lowest box in the first column of the flowchart; if the expected hydraulic
conductivity is greater than 107% cm/s, a constant-head test can be considered. The deci-
sion process moves forward to consideration of whether the screen is bracketing the water
table. If it is, a constant-head test cannot be used, and the decision process moves down
and to the right. In this case, a slug extraction test is the only option.

If the screen is not bracketing the water table, the decision process moves upward and
to the right to the question of availability of water. Recall that to arrive at this point, the
hydraulic conductivity is expected to be between 10~* and 107? cm/s. In this case, a suffi-
cient supply of water can be delivered to the well with a garden hose (assuming a 5.1-cm
(2 1n.) well and 3 m (10 ft) of screen or less). If sufficient water is not available, the decision
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process moves down and to the right to a slug extraction test. Otherwise, the decision pro-
cess moves forward to the water quality issue. Constant-head tests require adding signifi-
cant amounts of water to the well, and dilution of subsequent water quality samples
becomes a real issue. Well purging may not be sufficient to remove all the water added. If
hydraulic testing can be delayed until water sampling is complete, a constant-head test can
still be performed.

We have now completed discussing the lower half of the flowchart and will turn to the
situation of hydraulic conductivities greater than or equal to 1072 cm/s. In this case the
decision process moves straight up in the flowchart to consideration of whether
the expected conductivity is greater than or less than 10 cm/s. This value of hydraulic
conductivity is equal to the approximate upper limit for constant-head tests. If the
expected conductivity is less than this upper limit, the decision process moves forward
towards the constant-head option, and the issues of screen positioning, water availability,
and integrity of water quality are addressed. If any of these issues preclude the use of a
constant-head test, the decision process moves up and back to the left in the flowchart to
consideration of a pumping test. A slug test is not possible because we are considering the
situation of the hydraulic conductivity being greater than 10~? cm/s, the upper limit for
slug tests.

Before a pumping test can be conducted, the issue of disposal of the discharge water must
be addressed. This question is represented by the third box up from the start of the flow-
chart. If contaminated discharge water is a problem, then it must be contained. Containing
discharge water is usually expensive and should be avoided if possible. However, some
regulators require that all well discharge be contained. In situations where the types of
contaminants and their concentrations are such that released water could cause a surface
soil contamination problem, prudence dictates that the discharge water be contained.

Whether or not the contaminated discharge presents a problem, the next issue to be
addressed is the expected depth to water towards the end of pumping. If a centrifugal or
peristaltic pump is used, the distance from the water surface in the well to the top of the
highest casing should not be greater than 7.6 m (25 ft) anytime during the test. Obviously,
if the static water level is more than 7.6 m (25 ft) down, the decision is predetermined.
Drawdowns are not easy to predict beforehand, and trial and error ofien is “par for the
course.” If the drawdown creates too great a lift for the centrifugal or peristaltic pump, the
test must be redone (afier water levels have re-equilibrated) with a fower discharge rate or
with a submersible or air-lift pump.

Conclusions

The decision flowchart presented does not always indicate that only one testing method
can be used. Materials with hydraulic conductivities at either end of the spectrum will limit
the choice to one method; i.e., high conductivity limits the choice to the pumping test, low
conductivity to the slug test or laboratory test. Constant-head tests cover the middle range,
which characterizes most geologic materials. The conductivity ranges covered by pumping
tests and slug tests overlap with the range for constant-head tests without overlapping with
each other. Thus, if a choice exists, it is between conducting a slug test or a constant-head
test or it is between conducting a pumping test or a constant-head test.

If a choice exists between a constant-head test and a slug test, the constant-head test is
preferred because it tests a larger portion of the aquifer and therefore should give more
representative results. When the choice is between a constant-head test and a pumping test,
the pumping test is preferred because of the potential for determining more about the aqui-
fer (i.e., leakage, boundary conditions) than is currently possible with constant-head tests.
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ABSTRACT: Experiences with many measurements of the hydraulic conductivity of
unlithified glacial and fluvial materials in Wisconsin suggest that hydraulic conductivity must
be viewed in terms of the operational scale of measurement, based on the scale of the prob-
lem at hand and the volume of the materials of interest. Frequently, the hydraulic conduc-
tivity of a given lithostratigraphic unit appears to increase as the operational scale of mea-
surement increases. In particular, laboratory methods can yield hydraulic conductivities one
to two orders of magnitude lower than conductivities determined in field tests on the same
materials. The operational scale of most laboratory methods is much smaller than the oper-
ational scale of most field problems, and laboratory tests, although often logistically and
financially attractive, may be of little value in characterizing the hydraulic conductivity of
Pleistocene and recent deposits at working field scales.

KEY WORDS: hydraulic conductivity, ground water, glacial deposits, pumping tests, per-
meability, laboratory tests, particle size, field permeability tests

Saturated hydraulic conductivity is one of the most basic and important parameters in
hydrogeology, and almost all analyses of ground-water movement, from simple back-of-
the-envelope calculations to sophisticated numerical models, require selecting representa-
tive values for hydraulic conductivity. In the past, hydrogeologists and engineers con-
cerned themselves mainly with issues of water supply, and studies of ground-water flow
and drawdown at production wells required hydraulic conductivity or transmissivity esti-
mates determined for large volumes of aquifer material. Today, in the rapidly evolving
science and technology associated with contaminant movement and ground-water moni-
toring, such issues as assessing site suitability for waste disposal facilities, predicting rates
and directions of contaminant movement, selecting locations for monitoring equipment,
and planning remedial actions all require more detailed hydraulic conductivity informa-
tion than was generally needed in the past. In particular, there have recently been two
major changes in the type of hydraulic conductivity information required by hydrogeolo-
gists. First, there is a growing interest in ground-water movement in “tight,” clayey mate-
rials, which must be understood when planning for waste disposal and ground-water qual-
ity protection. Second, studies of contaminant hydrogeology often require detailed
information about the distribution and spatial variability of hydraulic conductivity of par-
ticular materials over small areas. Classical pumping tests, long the accepted means of
determining aquifer parameters in the field, generally work best for measuring global aver-
ages of parameters in relatively conductive materials but may not always be appropriate

! Wisconsin Geological and Natural History Survey, Madison, W1 53705.
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BRADBURY AND MULDOON ON HYDRAULIC CONDUCTIVITY 138

or suitable for the detailed hydraulic conductivity measurements needed in contaminant
or waste- disposal studies.

The purpose of this paper is to report the authors’ recent experience with measurement
of saturated hydraulic conductivity in unlithified glacial and fluvial materials in Wiscon-
sin. Technigues currently used include pumping tests, specific capacity tests, pieczometer
“slug” tests, laboratory permeameter tests, and estimates based on particle-size distribu-
tions. In addition, the Wisconsin Geological and Natural History Survey is developing a
data base containing hydraulic conductivity determinations taken from geotechnical inves-
tigations at waste disposal facilities. This data base associates each hydraulic conductivity
measurement with a spatial location and with the geologist’s rigorously defined lithostrat-
igraphic unit. A lithostratigraphic unit consists of a group of geologic materials having
characteristic physical properties which can be identified and mapped in the field. These
recent experiences lead to several observations about the measurement and interpretation
of hydraulic conductivity in such materials. Although the following observations may not
hold in all cases, they may be general enough to have wide application:

1. Measured values of hydraulic conductivity tend to increase as the scale of the mea-
surement increases.

2. Results of laboratory permeameter tests are almost invariably lower in values than
results of field tests on the same materials.

3. Hydraulic conductivity estimates based on particle-size distributions give widely
varying results depending on the estimation method used and the type of material being
evaluated.

The following discussion attempts to illustrate and support these observations.

Measurement Scale Effects

Although commonly considered a characteristic physical property, the “true” hydraulic
conductivity of saturated near-surface materials is difficult to define. The physical charac-
teristics (particle size, roundness, sorting, and other characteristics) of geologic materials
vary spatially, and this spatial variation can be large in many glacial and fluvial settings,
where significant changes in the depositional environment often occur over short dis-
tances. Even in relatively homogeneous materials, detailed field determinations have
shown that the spatial variability in hydraulic conductivity can be large. For example, Sud-
icky [/] reported that laboratory values of hydraulic conductivity varied by a factor of
between 5 and 30 over 2-m cores along a transect in fine-to-medium sand at the Bordon
site in Ontario, Canada. Likewise, Smith [2] documented significant variations in hydrau-
lic conductivity over short distances in an apparently uniform stratified sand. Any exper-
iment that tests the hydraulic conductivity of such a variable material necessarily produces
a value which represents some type of average conductivity for the volume of material
tested. The hydrogeologist is usually forced to assume that this “average” value is the
appropriate value to use for the problem at hand. However, as greater or smaller volumes
of material are tested, the test encounters a greater or smaller number of aquifer inhomo-
geneities, which might be thought of as more or less conductive zones.

Hydraulic conductivity tests commonly used today generally fall into four operational
scales based on the volume of material sampled during the test. These methods might be
classified as follows:

(a) Small-scale tests (<<1 m®): permeameter tests, particle-size estimates;
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140 GROUND WATER AND VADOSE ZONE MONITORING

(b) Site-specific tests (I m® to hundreds of cubic metres): specific capacity tests, single-
well pumping tests, slug tests;

(¢) Local tests (hundreds to thousands of cubic metres): multiple-well pumping tests;
and

(d) Regional tests (thousands of cubic metres): regional aquifer analysis, inverse models.

As used here, small-scale tests refer to laboratory determinations on small samples
obtained from the field. Such tests include flexible-wall and solid-wall permeameter deter-
minations 3] and empirical estimates of hydraulic conductivity based on various meas-
ures of the particle-size distribution [4-10]. Site specific determinations include piezometer
tests (also referred to as slug tests or bail tests) [ /7], estimates based on the specific capacity
of single production wells { /2], and single-well pumping tests, in which drawdown is mea-
sured in the pumped well. Local hydraulic conductivity measurements cover larger areas
and volumes of material than site-specific determinations and include the aquifer pumping
test, using multiple observation wells [13]. Regional evaluations establish the hydraulic
conductivity over large areas (many square kilometres) using such technigues as forward
ground-water model calibration [ 14], inverse ground-water modeling [ 15], or flow net anal-
yses [16]. Other techniques for determining hydraulic conductivity, such as tracer experi-
ments [I7,18], are not considered here.

d

FIG. 1—Locations of areas in Wisconsin where the hydraulic conductivity of glacial mate-
rial was evaluated: (a) Crandon site, (b) Buena Vista basin, (c) region of eastern Wisconsin
where data from 40 waste disposal sites were evaluated, (d) western Marathon County.
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BRADBURY AND MULDOON ON HYDRAULIC CONDUCTIVITY 141

The following three case studies include measurements of the hydraulic conductivity of
unlithified Pleistocene sediment at locations in eastern, central, and northern Wisconsin
(Fig. 1). The examples include data from ongoing or recently completed hydrogeologic
investigations and are selected to demonstrate a variety of methods and a variety of mea-
surement scales. In each case at least two methods are evaluated.

Example I: Horizontal Hydraulic Conductivity in Coarse-Grained Fluvial Sediment

Hydraulic conductivity measurements on coarse-grained fluvial deposits in two parts of
central and northern Wisconsin illustrate the effects of various measurement scales. The
Buena Vista basin (Fig. 1) is an agricultural area in Wisconsin’s central sand plain which
has been the subject of recent hydrogeologic research related to ground-water contamina-
tion by agricultural chemicals [79-21]. The aquifer in the Buena Vista basin consists of
approximately 30 m of fluvial and lake sediment composed of well-sorted, coarse-to-
medium-grained quartz sand.

At the Crandon site in north-central Wisconsin (Fig. 1), the Exxon Minerals Co. recently
completed an extensive hydrogeologic evaluation for the purpose of predicting the envi-
ronmental impacts of a proposed subsurface mine [22,23]. The materials at Crandon can
be generally grouped into till, lake sediment, and fluvial sediment. The fluvial sediment,
classified by Exxon as coarse-grained stratified drift, consists of fine-to-coarse-grained sand
and gravel and ranges from poorly sorted to well sorted [23].

The sediment in both areas is stratified but is so noncohesive that obtaining undisturbed
samples for laboratory analysis is almost impossible. Therefore, even though the ratio of
horizontal to vertical hydraulic conductivities in this material can range from about 2 to
20 [24], all values reported here are considered to represent horizontal conductivities.

Workers at both the Buena Vista and Crandon areas determined hydraulic conductivity
by methods ranging from laboratory analyses to major pumping tests. In addition, both
areas have been the subject of extensive numerical computer simulations. At the Crandon
site, Exxon used a two-dimensional finite-clement model to simulate aquifer drawdowns
caused by mine dewatering [25]. Through the model calibration process Exxon arrived at
a “best” hydraulic conductivity value to describe ground-water movement in the fluvial
sediment over the large area (40 km?) of a regional model. In the Buena Vista basin, Stoertz
[26] has used a two-dimensional parameter estimation model [73] to arrive at hydraulic
conductivity estimates which allow the model to best fit an extensive set of hydraulic-head
data. Table | summarizes the hydraulic conductivity data available at these two sites and
shows the approximate volume of aquifer material evaluated in each type of analysis. In
general, the hydraulic conductivity data are log-normally distributed; therefore, Table |
presents geometric means rather than arithmetic means to describe the data. In Table 1
and subsequent tables and graphs, sample volumes for particle-size analyses and permea-
meter test are calculated as the actual volume of material tested. Thus, for permeameter
tests, this is the volume of material placed in the permeameter; for particle-size tests it is
the volume of sample used in the sieve or hydrometer analysis.

At both sites, the mean hydraulic conductivity appears to increase as the volumetric
scale of the test increases. When the test volume is plotted versus hydraulic conductivity
(Fig. 2), this trend is very evident, with a more rapid increase at smaller scales than at
larger scales. In the Buena Vista data, the geometric mean hydraulic conductivities vary
by a factor of about 9 among the various methods. The Crandon data show variation by a
factor of about 60. The cause of this difference in range of variation between the two areas
is not completely clear, and it may be partially due to the greater number of samples at the
Crandon site. However, this variation probably also occurs because the Crandon sediment

Copyright by ASTM Int (all rights reserved), Mon Mar 26 11:51:48 EDT 2018
Downloaded/printed by
Karen Swanson (U.S. Environmental Protection Agency) pursuant to License Agreement. No further reproductions authorized.

ED_004625A_00113475-00142



142 GROUND WATER AND VADOSE ZONE MONITORING

TABLE 1—Summary of the hydraulic conductivity data, test method, and volume of material tested
at two sites in north-central Wisconsin.

Approximate Number of Hydraulic Conductivity
Method Volume Tested, m® Tests (Geometric Mean), m/s

Crandon Area [22,23,25)°

Particle-size estimates (GS) 2 X 1073 ~100 2.1 X 107¢
Slug tests (ST) 5 15 3.0 x 1073
Pumping test (PT) 1.9 x 10% 1 1.3 x 107*
Model (M) 1.2 X 10° 1 122 X 10~
Buena Vista Area [12,19,20,26)
Particle-size estimates (GS) 2X 1073 32 1.0 X 1074
Permeameter tests (P) 6 X 1074 7 1.5 x 107*
Slug tests (ST) 1 44 2.9 X 1074
Specific capacity tests (SC) 1000 266 6.4 X 1074
Pumping tests (PT) 9 X 10° 10 7.3 X 107°
Inverse model (M) 4 X 10° 3 7 X 1074

“ Particle-size estimates were performed using the method of Hazen [6].
® Particle-size estimates were performed using the method of Masch and Denny [4].

is much more heterogeneous than sediment in the Buena Vista area. The sandy sediment
at the Crandon site includes both till and fluvial sediment, often interbedded in a complex
fashion [22,25]. At each site, regional models produce the highest values of hydraulic con-
ductivity, while estimates based on laboratory particle-size data yield the lowest values.
Both areas show strong and similar trends, which suggests that larger scales of measure-
ment in both areas result in larger conductivity values.
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FIG. 2—Relationship between the geometric mean measured hydraulic conductivity, K,
and the test volume for the Crandon site and Buena Vista basin.
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Example II: Field Versus Laboratory Determinations of Hydraulic Conductivity for Tills
in Eastern Wisconsin

Comparisons between field and laboratory values of hydraulic conductivity for tills in
eastern Wisconsin show widely varying results for similar materials. Pleistocene materials
in eastern Wisconsin consist of a series of till sheets locally or regionally separated by layers
of stream or lake sediment. Mickelson et al. [27] classified these materials into a series of
lithostratigraphic units which can be mapped over large areas and identified in subsurface
borings. As a result, there is a well-understood geologic and stratigraphic framework for
Pleistocene materials in eastern Wisconsin, and it is possible to study hydrogeologic prop-
erties of the various till units within this classification scheme. The availability of much
data from numerous proposed or operating solid waste disposal facilities in the area pro-
vides an opportunity for comparisons of field and laboratory results on similar materials
over wide areas.

Rodenbeck et al. [28] summarize hydrogeologic and geotechnical properties of tills from
40 proposed or existing landfill sites in eastern Wisconsin (Fig. 1). Only hydraulic conduc-
tivity results are discussed here, with the goal of comparing field and laboratory measure-
ments. All data were obtained from consultants’ reports and other documents available at
the Bureau of Solid Waste Management of the Wisconsin Department of Natural
Resources. The methodology is not entirely consistent between sites, but in general, field
conductivities are determined by piezometer “slug” tests, while laboratory conductivities
are obtained from solid-wall or flexible-wall permeameters using either “undisturbed” or
remolded samples. The orientation of the laboratory samples is frequently unknown; how-
ever, till units are generally unstratified, and orientation may not be as important for till
as for other glacial sediments.

Table 2 (modified from Rodenbeck et al. [28]) lists the geometric mean field and labo-
ratory hydraulic conductivities for the till of the Kewaunee, Horicon, and Oak Creek For-
mations and till of six members of the Kewaunee Formation. The number of samples for
each unit varies from 15 to 133 for formations and from 4 to 35 for formation members.
In general, till of the Horicon Formation shows the highest hydraulic conductivities, while
till of the Oak Creck Formation shows the lowest,

A plot of these data, grouped by lithostratigraphic unit (Fig. 3) highlights major discrep-
ancies between field and laboratory measurements of hydraulic conductivity. In general,
laboratory measurements are 1.2 to 2.6 orders of magnitude lower than field measure-
ments. It is tempting to explain this discrepancy as an apparent anisotropy related to a bias
of field tests toward horizontal hydraulic conductivity and a bias of laboratory tests toward

TABLE 2—Hydraulic conductivity data for eastern Wisconsin tills.

Hydraulic Conductivity (Geometric Mean), m/s

Unit Code Laboratory N Field N
Kewaunee Formation KF 6.3 X 10710 133 1.4 X 1078 48
Middle Inlet Member Mi 6.3 X 1071 16 1.0Xx 1077 17
Kirby Lake Member KL 5.0 % 1071 26 1.6 X 1078 35
Glenmore Member G 1.6 X 10-10 17 1.0 X 1078 14
Chilton Member C 2.0 x 1071° 10 6.3 X 107° 4
Valders Member \' 40 x 107° 19 3.2 % 1077 12
Haven Member H 5.0 x 10710 27 5.0 % 1078 9
Horicon Formation HF 7.9 X 1078 15 6.3 X 1077 25
QOak Creek Formation OCF 3.2 x 1071 57 1.0 X 107¢ 72
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FIG. 3—Relationship between laboratory and field determinations of hydraulic conduc-
tivity at waste disposal sites in eastern Wisconsin. The letters refer to the abbreviations of
lithostratigraphic units in Table 2.

vertical hydraulic conductivity. However, three lines of reasoning oppose this hypothesis.
First, till units are generally not well stratified, and high anisotropy ratios would thus not
be expected. Second, calibration of a numerical model of ground-water flow near Green
Bay, Wisconsin [29], produced vertical to horizontal anisotropy ratios of only 1 to 10 for
tills of the Kewaunce Formation, much lower than the ratios of 30 to 150 suggested by
Table 2. Third, many of the eastern Wisconsin till units contain horizontal and vertical
joints {30]. These joints may add significant secondary permeability to the tills, and field
tests on such materials may yield results several orders of magnitude greater than results
of laboratory tests on unfractured samples [3/].

Example III: Field and Laboratory Investigations of the Hydraulic Conductivity of Till
Units in Central Wisconsin

One weakness of the study of Rodenbeck et al. [28] reported above is a potential lack of
consistency in data collection from site to site. However, Muldoon [32] reports very sim-
ilar results in a study of the hydrogeologic properties of four till units in western Marathon
County in central Wisconsin (Fig. 1). Muldoon investigated the hydraulic conductivity of
till of the Medford and Edgar Members of the Marathon Formation and the Bakerville and
Merrill Members of the Lincoln Formation using field piezometer tests, flexible-wall per-
meameter tests on cores, and empirical estimates based on particle-size distributions. Till
of the Marathon Formation tends to contain more clay and less sand than does till of the
Lincoln Formation. In addition, till of the Marathon Formation shows more variation in
particle size than does till of the Lincoln Formation. These materials contain significant
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amounts of clay and are generally cohesive enough to permit the recovery of undisturbed
cores for laboratory analyses.

Muldoon’s [ 32] methods were as follows. Each lithostratigraphic unit was identified and
sampled in the field through a series of 59 stratigraphic borings, and particle-size distri-
butions of the resulting disturbed grab samples were determined through standard sieve
and hydrometer analyses. In addition, several continuous undisturbed cores of each unit
were obtained at selected characteristic sites using hollow-stem augers with a 0.08-m (3-
in.)-diameter overshot split-spoon sampler. Using these core holes, 27 standpipe piezo-
meters were installed at 11 locations throughout the study area. The piezometers consisted
of 0.03-m (1.25-in.) polyvinyl chloride (PVC) pipe with slotted PVC screens about 1 m in
length. Each screen was surrounded by a silica sand pack, and the remaining annular space
was sealed using granular bentonite. The piezometers were used to conduct falling-head
slug tests, which were interpreted using the methods of Hvorslev for a well point in an
infinite medium [//].

Muldoon [32] also performed laboratory tests of hydraulic conductivity using a triaxial
cell as a flexible-wall permeameter. Flexible-wall permeameters confine the sample within
a flexible but impermeable membrane, thus allowing field consolidation to be duplicated
and minimizing piping along the sides of the sample. Samples obtained during the coring
operation were trimmed to a diameter of 0.035 m (1.4 in.), placed in the triaxial cell, and
encased in two latex membranes. The samples were saturated by applying back pressure
to both the inflow and outflow burettes and then were consolidated to calculated overbur-
den pressure. After application of a gradient of about 13.8 kPa (2 psi) across the samples,
the inflow and outflow burettes were monitored for about two days or until steady-state
conditions were established.

Permeameter and Piezometer Tests

Comparing laboratory and field results for the Marathon County till units (Table 3 and
Fig. 4) shows that the geometric mean hydraulic conductivities determined in the labora-
tory are 2.5 to 3 orders of magnitude smaller than the field results. In addition, the labo-
ratory results show less variation between the two formations than do the field results. The
difference between the laboratory- and field-measured hydraulic conductivity values is
comparable to that observed by Herzog and Morse [33] for similar tests in the fine-grained
Vandalia till of Illinois. Many till units display only weakly developed horizontal fabric,
and vertical anisotropy alone probably cannot explain such large discrepancies between
the field and laboratory results. The difference in scale between the two tests probably

TABLE 3—Summary of field and laboratory measurements in tills in Marathon County,

Wisconsin [32).
Hydraulic Conductivity (Geometric Mean), m/s

Lithostratigraphic
Unit Code Laboratory N Field N
Marathon Formation MA 3.4 X 1071 7 5.8 X 1078 20
Medford Member Mf 6.4 X 1071° 5 3.6 X 1077 4
Edgar Member Ed 1.8 X 107 2 9.5 x 1078 16
Lincoln Formation LN 1.1 X 107° 6 2.3 X 10¢ 5
Bakerville Member Bk 1.4 X 107° 2 2.5 X 107 2
Merrill Member Mr 9.2 X 10710 4 2.2 X 107 3
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FIG. 4—Relationship between laboratory and field determinations of hydraulic conduc-
tivity in western Marathon County, Wisconsin. The letters refer to the abbreviations of lith-
ostratigraphic units in Table 3.

causes a large part of the discrepancy. The larger scale field tests are likely to include the
effects of small sand layers or fractures, which would increase hydraulic conductivity. Till
of the Edgar Member contains fractures in places, and the Medford Member displays sub-
horizontal fissility where exposed.

Hydraulic Conductivity Estimates Based on Particle-Size Distributions

Many workers have attempted to establish empirical relationships between hydraulic
conductivity and more easily measured physical properties of unconsolidated materials [ 4~
10]. Muldoon [32] used five empirical relationships to estimate the hydraulic conductivity
of four till units. The equations used included those developed by Bedinger [8] and Hazen
[6], which utilize some measure of *‘effective particle size” to predict hydraulic conductiv-
ity, as well as the method of Krumbein and Monk [ 5], which expands the effective diameter
relationships by including a measure of sorting of the sample. The final two equations used
[9,10] estimate hydraulic conductivity from the percentage of the sample that falls within
a given size class.

Detailed particle-size analyses were performed on 111 samples. For each sample, a
cumulative particle-size distribution curve was plotted, and the grain diameters needed for
the hydraulic conductivity calculations were then determined from these curves. A sample
particle-size curve is shown in Fig. 5, along with the five equations used to calculate
hydraulic conductivity. In order to compare the results of the different methods, all per-
meability values were converted to hydraulic conductivity values and all hydraulic con-
ductivity values were converted into units of metres per second.

The five geometric mean hydraulic conductivity values calculated for each lithostrati-
graphic unit are presented in Table 4 and shown graphically in Fig. 6.

The equations developed by Bedinger [8] and Hazen [6] are very similar in form and
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FIG. 5—Sample particle-size distribution curve and five empirical equations used to esti-
mate hydraulic conductivity: D50 = median diameter, in millimetres; D10 = diameter, in
millimetres, at which 10% of the sample is finer, Dm = mean diameter, in millimetres, o
= phi standard deviation; %sa = percentage of the sample coarser than 0.05 mm; %cl =
percentage of the total sample finer than 0.002 mm (from Muldoon [32]).

were both derived using results from sand samples. These two methods, however, give
dissimilar results. The equation developed by Bedinger [8] tends to overestimate hydraulic
conductivity in comparison with values determined using field tests. Hazen’s approxima-
tion [6], which was developed for clean filter sands, consistently underestimates the
hydraulic conductivity, in comparison with field results, by one to two orders of magni-
tude. This method, however, provides the closest agreement with the laboratory-measured
values although consistently overestimating K by approximately one order of magnitude.
The equation of Krumbein and Monk [5], developed using laboratory-prepared sand sam-
ples, is the only one used which takes into account the sorting of a sample. This method
predicts hydraulic conductivity values for all of the till units that are within one order of
magnitude of field-derived values. The equation by Cosby et al. [9], developed using soil
samples from throughout the United States, overestimates the hydraulic conductivity, in
comparison with both field and laboratory results, by several orders of magnitude. The
equation by Puckett et al. [/0], derived using samples from each horizon or six ultisols,
uses the percentage of clay in the less-than-2-mm fraction of a sample to estimate K. This
equation provides good estimates of field hydraulic conductivity for most of the till units.
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TABLE 4—Summary of hydraulic conductivity values estimated from particle-size distribution curves using various empirical equations.

Medford member
Edgar member
Bakerville member
Merrill member

Lithostratigraphic

Marathon formation
Lincoln formation
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FIG. 6—Plot of geometric mean hydraulic conductivities estimated from particle-size
analyses for tills in western Marathon County, Wisconsin, using various empirical equations.
Field and laboratory results are shown for comparison. MA = Marathon Formation; LN =
Lincoln Formation; X = Medford Member; > = Edgar Member; O = Bakerviile Member;
O = Merrill Member (from Muldoon [32]).

Comparison of the results from all five empirical methods suggests that particle-size esti-
mates of hydraulic conductivity should be used with caution. The five methods used in
this study provide estimates of hydraulic conductivity that range over three to four orders
of magnitude for any given lithostratigraphic unit. Each method is most applicable for the
type of sediment used to derive it and should not be extended to other types of material
without performing some field tests to verify the results. The methods of Krumbein and
Monk [5] and Puckett et al. [/0] most closely predict the field hydraulic conductivities of
the units studied. The sorting parameter included in the method of Krumbein and Monk
may account for the wide applicability of this equation. The method of Puckett et al. was
derived for fine-grained materials that may be similar, in terms of particle-size distribution,
to the till of the Lincoln and Marathon Formations. Similar particle-size distributions
could explain the good predictive capability of this equation.

Discussion

Although attractive for financial and logistical reasons, laboratory tests, at the scale com-
monly run, appear frequently to underestimate the “operational” hydraulic conductivity
of most field situations involving undisturbed Pleistocene material. At least four effects
may be partly responsible for this discrepancy. First, sample bias can occur during sample
collection. More permeable materials tend, in general, to be less cohesive and more difficult
to sample than less permeable materials. For example, in obtaining a core of a clay till with
interbedded sand seams, the core may tend to break or crumble at the sand seams. These
sandy materials might not be recovered at all or might be accidentally discarded in the
field, yet might be very important in controlling ground-water movement at the site.
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Coarse gravel materials might not be recovered at all. Second, preferential flow undoubt-
edly occurs in many Pleistocene materials along joints, fractures, interbeds, and macro-
pores. Small laboratory samples cannot contain all of these features, and the resulting mea-
surement of hydraulic conductivity will be too low. Third, sample disturbance, particularly
compaction but also chemical and biological change, can occur during sampling, transport,
and storage of samples. Most sample disturbance tends to reduce hydraulic conductivity.
Fourth, directionality can be an important consideration in anisotropic materials. For
example, most common core sampling tends to be vertical, but ground-water flow is often
horizontal. In particular, vertical and horizontal hydraulic conductivities must be tested
in a similar manner so that any apparent anisotropy is not due to differences between the
test methods used for the vertical and horizontal directions.

While frequently criticized, single-well hydraulic conductivity estimates (slug tests, spe-
cific capacity tests, single-well pumping tests) are useful methods for characterizing the
hydraulic conductivity of shallow glacial and fluvial deposits because most common con-
tamination and monitoring problems occur on this operational scale, and the measure-
ments are relatively inexpensive and repeatable. Classical multiple-well pumping tests
vield parameters for large volumes of material but can be logistically difficult and expen-
sive in unconfined aquifers. Regional conceptual and numerical (inverse) models yield val-
ues of hydraulic conductivity on the regional scale, but such values may be too general for
many current hydrogeologic investigations.

Conclusions

Because of the relatively high spatial vanability of Pleistocene materials, the value and
meaning of their hydraulic conductivity can be difficult to define. For most field problems
in hydrogeology, the operational hydraulic conductivity varies with the scale of the prob-
lem and with the scale of measurement. The most significant conclusion from the data
presented here is that field measurements should be conducted on the same scale as the
field problem. For example, regional studies may require regional information in the form
of large-scale pumping tests or flow net analyses, while very localized studies require small-
scale tests. In particular, the utility of laboratory measurements of hydraulic conductivity
appears doubtful. Such measurements appear to yield conductivity values significantly
lower than those observed in larger scale field tests. Hydraulic conductivity measurements
based on particle-size distributions must be used with caution because significant variation
occurs with the various methods of interpretation.
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ABSTRACT: Slug tests were conducted on four lithologic units at a waste disposal site in
southwestern Illinois. All tested units were fine-grained glacial tills that had laboratory-deter-
mined hydraulic conductivity values between 107° and 107 cm/s. A total of 37 field tests of
hydraulic conductivity were run in 29 open-hole piezometers, with some tests lasting up to
a year. The piezometers were oriented both vertically and at a 45° angle to test the effects of
possible vertical fractures on hydraulic conductivity.

All slug test results were analyzed using three different methods. The methods selected were
those of Cooper, Bredehoeft, and Papadopulos; Hvorslev; and Nguyen and Pinder. The geo-
metric mean values for each geologic unit determined by all three methods were within an
order of magnitude and well within one standard deviation.

All three methods could not be applied to all data with the same degree of reliance. This
is to be expected since each method has different underlying assumptions. However, all data
did fit at least one theoretical curve very well. The importance of these results is twofold: (1)
any of the three methods can produce reliable results if properly applied, and (2) data that
appear to be unusable by one method may be usable by changing to another method of
analysis.

KEY WORDS: hydraulic conductivity, slug tests, fine-grained sediments, low permeability

Laboratory tests for hydraulic conductivity are relatively inexpensive and fast, and tend
to produce consistent results; however, they must be corroborated by field tests. In the field
a larger volume of material can be tested in sifu, thus minimizing the influence of scale
effects. While laboratory-determined values can provide upper and lower boundaries of
hydraulic conductivity estimates for moderately sorted to well-sorted sand [7,2], discrep-
ancies between laboratory and field values of more than two orders of magnitude have
been found for fine-grained sediments [3-5].

In a recent study by the Illinois State Geological Survey to determine why solute migra-
tion at a chemical waste disposal site exceeded predicted rates by 100 to 1000 times,
researchers determined that the low predictions had resulted from using only laboratory-
determined hydraulic conductivity values in the calculations [4,6]. The geology of the site
consisted primarily of fine-grained glacial tills [ 7], as shown in Fig. 1. Because the tills were
expected to exhibit low hydraulic conductivities, making conventional pumping tests
impractical, slug tests were primarily used to collect field data.

! Associate hydrogeologist, Illinois State Geological Survey, Champaign, Il 61820.
2 Associate staff geologist, Illinois State Geological Survey, Champaign, IL 61820.
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154 GROUND WATER AND VADOSE ZONE MONITORING

Field hydraulic conductivity data were analyzed using three different slug test analytical
techniques. The slug tests were originally designed to be analyzed by the method proposed
by Cooper, Bredehoeft, and Papadopulos {8]. This method was chosen because the theory
assumed boundary conditions that could reasonably be met in the field. The data were
reanalyzed using Hvorslev’s method [9], because this method is commonly used in the
engineering community, A method of analyzing hydraulic conductivity, proposed more
recently by Nguyen and Pinder [10] and which uses data primarily collected during the
early portion of the slug test, was selected to provide a comparison with the other methods.

Procedure

The 37 slug tests were conducted in 29 open-hole piezometers. Angle holes, in addition
to the standard vertical holes, were drilled in an attempt to include vertical fractures in the
test conditions. The piezometers were constructed by boring a hole to a selected depth with
a hollow-stem auger drill rig. Samples of geologic materials collected with a split spoon
were used only to verify the geologic horizon. A polyvinyl chloride (PVC) glue-joint casing
with a 6.4-cm inner diameter (ID) was lowered through the hollow-stem auger to the bot-
tom of the hole. The augers were then withdrawn from the hole; the bottom of the hole
was sealed with 60 to 150 cm of an expanding cement plug; and the hole was backfilled
with a mixture containing 70% (by volume) clean silica sand and 30% granular bentonite
to within approximately 1.2 m of the surface. Expanding cement was also used as a surface
seal. Bentonite was not chosen for the plug to preclude the possibility of cracking due to
the presence of organic solvents. Construction of the angle holes was similar to that of the
vertical holes, except that the entire annular space was filled with cement grout pumped
from near the bottom to the surface to prevent bridging. Construction details for the ver-
tical and angle piezometers are shown in Fig. 2. These piezometers were not intended to
provide water-quality samples; a separate set of wells was constructed for that purpose.

After the surface seal had set, a Shelby tube 5 cm in diameter was lowered through the

;r-—expanding cement

+=&- sand-bentonite
slurry

64 -cm. ID
PVC casing

1 e expanding
4 H cement

5 - cm. Shelby
tube hole

p -

FIG. 2——Construction details for vertical and angle piezometers.

Copyright by ASTM Int (all rights reserved), Mon Mar 26 11:51:48 EDT 2018
Downloaded/printed by
Karen Swanson (U.S. Environmental Protection Agency) pursuant to License Agreement. No further reproductions authorized.

ED_004625A_00113475-00155



HERZOG AND MORSE ON COMPARISON OF SLUG TEST METHODOLOGIES 155

casing and pushed 60 cm below the bottom of the casing to collect a sample and to create
the open hole for the slug test. The hole and casing were immediately filled to the top with
water, initiating the slug test. The immediate introduction of water, which applied a posi-
tive pressure to the soil, kept the hole from caving in. The water levels were recorded as a
function of time until they stabilized. A second set of slug tests was conducted on 8 of the
piezometers after the water levels stabilized, making a total of 37 slug tests in 29
piezometers.

Cooper, Bredehoefi, and Papadopulos Method

The first method used to analyze data from the slug tests was the curve-matching method
of Cooper, Bredehoeft, and Papadopulos [8,1/]. Figure 3 shows the parameters to be mea-
sured in the use of this method: stabilized water level, head at time zero (H,), head at any"
time (H(?)), radius of the casing (r,), radius of the open hole (r,), and length of the open
hole (z; — z;). The method assumes that the aquifer is infinite, horizontal, homogeneous,
and isotropic, and that the open hole completely penetrates the aquifer to be tested. Com-
pressibility of both the formation and the water are included in the analysis. The piezo-
meters used in this study did not completely penetrate the unit tested, because testing more
than a small interval of the hard, fine-grained materials is not practical.

Water levels in the piezometers were recorded until they stabilized. This stabilized (or
initial) water level, H(¢) for ¢t = oo or ¢ << 0, is used as the datum from which the heads in
the piezometer are measured. The ratio of the measured head at any time to the initial
head, H(t)/H,, is plotted with the logarithm of time (Fig. 4). This curve is then matched to
one of the type curves presented by Papadopulos, Bredehoeft, and Cooper [11] (Fig. 4).
From this curve match, the time (¢} is selected for which Tt/r? = 1. T is the transmissivity
of the tested material and r, is the radius of the casing in which the head change occurs.
The transmissivity was then determined from the equation

T =1.0r2
T M

For the vertical holes, r, is the actual radius of the casing; however, for the angle holes,
r. must be corrected to correspond to the radius of a round vertical casing penetrating the
same vertical interval and containing the same volume of water as the angled casing. In
the horizontal plane, the cross section of the angled casing forms an ellipse with a major
radius of 1.414 r, and a minor radius of r.. A circle with the same area of this ellipse has a
radius of 1.19 r, which has the value used for r, for the angle-hole calculations. The length
of vertical penetration of the open hole is used as the aquifer thickness (Fig. 3). These
corrections for the angle holes are necessary because the casing and open hole enclose a
larger volume than does a vertical hole of the same radius. Hydraulic conductivity is then
calculated by dividing the transmissivity obtained in Eq 1 by the length of vertical
penetration.

Of the 37 sets of data collected, 7 could not be reasonably analyzed by this method
because they produced curves that did not match any of the type curves.

Hvorslev Method

Hvorslev’s basic time lag method [9] is based on the assumption that inflow at any time
is proportional to the hydraulic conductivity and to the unrecovered head difference. His
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FIG. 4—Semilog plot of field data for the head ratio versus time overlain on type curves
using the Cooper, Bredehoefi, and Papadopulos method. The type curves are from Refs 8 and
11.

assumptions, which include a homogeneous, isotropic medium and incompressibility of
both formation and water, lead to the differential equation

q(t) = =r* — %}: = FKH(1) (2)

where

g = rate of flow into the formation, cm?/s,
F = factor which depends on the shape and size of the intake area, dimensionless,
H(1) = head at any time, ¢, measured using the stabilized or initial head, H,, as the
datum, cm, and
K = hydraulic conductivity, cm/s.
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158 GROUND WATER AND VADOSE ZONE MONITORING

Hvorslev also defined a basic time lag, T, as

r2
To =% 3

For hydrostatic pressure changes, the time lag was defined as “the time for water to flow
into or from the device until a desired degree of pressure equalization is obtained.” The
basic time lag, 75, is the time that would be required for a complete pressure equalization
if the original flow rate were maintained. When Eq 3 is substituted into Eq 2, and H(?) =
H, is used as the initial condition, the solution to Eq 2 is

HY _
A et/ 4)

When the natural log of the left-hand side of the equation is plotted against time, as
shown in Fig. 5, a straight line should result. The basic time lag is the time at which 7 =
T, or when H(t)/H, = 0.37 that is, In (H(t)/H,) = —1). The hydraulic conductivity is then
determined from Eq 3. Hvorslev evaluated this equation for a laboratory permeameter and
four geologic situations. The four field situations are shown in Fig. 6.

These slug tests were analyzed using Configurations ¢ and d, depending on whether the
piezometer was at the top or middle of a unit. A difficulty arises from using Configurations
¢ and d in that the equation requires that the ratio of vertical to horizontal conductivity
be known. For these analyses, the average ratio for the formation determined from the

1.0

0.5+

[+]

z
:’E‘r 0.1+

0.05 4

0.01 T T 7 T T T T % ID

0 20,000 40,000 60,000 80,000 100,000
Time (min)
FIG. 5—Semilog plot of field data for head ratio versus time for analysis by Hvorslev’s
method.
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FIG. 6— Possible geometric configurations for use with Hvorslev’s method [9].

method of Cooper, Bredehoeft, and Papadopulos was used because no other source for
determining this ratio was available. Although the hydraulic conductivity values deter-
mined from the angle piezometers include both vertical and horizontal components, obser-
vation of vertical joints indicates a greater hydraulic conductivity in the vertical direction.
Since the equation is not very sensitive to this ratio, this estimate should not be a signifi-
cant factor. An advantage of using the geometry for Configurations ¢ and d is that the
borehole is open to more of the formation than it is in Configurations a and b. For Con-
figurations a and b, the entire length of the borehole is cased, so water is in direct contact
only at the open end of the casing.

Two of the data sets did not appear linear and, therefore, were not analyzed by this
method.

Nguyen and Pinder Method

The method of Nguyen and Pinder [10] is designed to account for situations involving
partially penetrating wells in aquifers in which the short-term effects of a water table or
leakage from a confining layer can be ignored. According to its authors, this method
appears to be most appropriate for dealing with slug tests in materials of moderate to low
hydraulic conductivity and also can be used for determining storativity. The underlying
assumptions (except for full aquifer penetration), boundary conditions, and parameters to
be measured (Fig. 3) are the same as in the Cooper, Bredehoeft, and Papadopulos method.
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160 GROUND WATER AND VADOSE ZONE MONITORING

The Nguyen and Pinder method is a direct calculation method that uses data obtained
during the early part of the slug test. Because our slug tests were designed for analysis by
the Cooper, Bredehoeft, and Papadopulos method, few early data were collected. In addi-
tion, error may be introduced by using discrete measurements obtained by steel tape or
electronic water-level meter rather than a continuous record of water levels. Such mea-
surement error may be more significant for this method than for the other two methods
because small changes in water levels occur between measurements during the early time
period, which is the critical time period for this method.

The method of Nguyen and Pinder [10] is illustrated in Figs. 7 and 8. Figure 7 is a log-
log plot of head, H(?), relative to time, ¢, for a typical piezometer. The slope of this line
(C)) is used in the calculation of hydraulic conductivity. When the data begin to deviate
from a straight line on the log-log plot, the boundary conditions are no longer being met
and the test is over. Figure 8 is a semilog plot of 1/¢ relative to In (— AH(#)/At). The earliest
time data available are plotted on the time scale. For our data sets, the change in head
between the first two or three measuring times was less than the measurement instrument
could detect, causing the first one or two data points to vary significantly from the straight
line and to be ignored. The slope of this line (C,) was then used in the hydraulic conduc-
tivity calculation. The aquifer parameters were calculated as follows

£ CZCI
K= —~— 5
4CAz, — z) )
where
r. = radius of the well casing, cm,
r, = radius of the open hole, cm,
z, — z, = vertical length of the open hole, cm,

C, = slope from the log-log plot, cm, and
C, = slope from the semilog plot, s.

The relevant time span in each test was determined from the graphs, and the slopes were
obtained from least-squares lines through the data. Four sets of data were not analyzed by
the Nguyen and Pinder method because they did not appear linear on the semilog plot.
Possibly the early data were not precise enough.

10°+1

g —gr OB G- P00

= ~C, = —359 x 10°3 %e ®
10* 10! 1{)2 1'03 TO“ 10°

t(sec)

FIG. 7—Plot of the head in the formation versus time on a log-log basis for analysis by
the Nguyen and Pinder method.
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FIG. 8—Semilog plot of I/ versus AH(t)/At for Nguyen and Pinder analysis.

Results

Not all data could be analyzed by all three methods with the same degree of reliance.
This is to be expected since each method has different underlying assumptions and uses
data from different time periods. The Cooper, Bredehoeft, and Papadopulos method
assumes a confined aquifer that is fully penetrated, and includes soil and water compress-
ibility. Hvorslev’s method does not require full formation penetration and ignores soil and
water compressibility. The Nguyen and Pinder method allows for some leakage into the
formation, partial penetration of the formation, and soil and water compressibility, but
may be highly affected by piezometer construction because of the short time span of test-
ing. However, all of our data did fit the theoretical curve of at least one method very well.

Results of these tests are summarized in Table 1. Of particular interest is a comparison
of the geometric means of hydraulic conductivity values of each lithologic unit. Data are
presented as the geometric means because hydraulic conductivity values in field soils are
generally acknowledged to be log-normally distributed [12,13], so arithmetic averaging
would not be appropriate [ /4]. For this computation, only one value from each boring was
used. If one boring was tested twice, a geometric mean was taken of the two values, and
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that value was used to calculate the geometric mean for the unit. This procedure was fol-
lowed to give equal weight to each boring.

For some formations, the data had a range of about three orders of magnitude. Because
of the heterogeneity of glacial tills, this variability was not unexpected. However, the geo-
metric means of hydraulic conductivity values calculated by the three analytical methods
were within one order of magnitude and well within one standard deviation for all four
lithologic units tested.

In all cases except for the soft portion of the ablation zone, the values calculated using
the angle borings were greater than those from vertical borings; this difference ranged from
less than a factor of two for the base of the ablation zone to more than an order of mag-
nitude for the unaltered till (Table 1). The variability of the data was generally much less
for the angle holes than for the vertical holes. These greater values suggest that the vertical
structures do have a significant impact on the ground-water flow characteristics of some of
the geologic materials at this site.

The importance of these results is twofold: (1) any of the three methods can produce
reliable results if properly applied, and (2) data that appear to be unusable by one method
may be usable by changing to another method of analysis with a different set of
assumptions.
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ABSTRACT: During several investigations of ground water contamination, relatively large
fluctuations in ground water levels—which occurred in a time interval shorter than that nec-
essary to collect a round of water levels—were observed. However, because of their short-
term nature, it was not possible to collect the data necessary to characterize fully the effects
of these fluctuations when using standard water level measurement techniques. Without such
a characterization, these short-term fluctuations in ground water levels can seriously impair
interpretation of the ground water flow system.

In a case history presented, tidal and other environmental influences were large enough to
make a normal round of water level data useless in interpreting ground water flow. Monitor-
ing of water levels at the site for a period of eight days, using electronic water level recording
instruments, allowed evaluation of the fluctuations and determination of an acceptable
method of collecting site water levels. To evaluate ground water levels properly, multiple
rounds of water levels had to be collected and averaged to filter the noise, or short-term
fluctuations, from the water level data. Monitoring for these short-term fluctuations in
ground water levels should be considered good engineering practice in any ground water
investigation,

KEY WORDS: ground water, electronic date loggers, ground water levels, fluctuations,
ground water monitoring

Most hydrogeologic investigations include the collection of water level data from wells
to evaluate ground water flow conditions. Collection of a round of water level data by hand
at a site may take several hours to complete. However, for data interpretation purposes,
these data are considered to have been collected instantaneously. In several instances, the
authors have observed fluctuations in ground water elevations at a site which were large
in comparison with the total variation in the water head across the site, and these fluctu-
ations were occurring in a time interval shorter than that necessary to collect a round of
water levels. Tidal changes and intermittent ground water pumping were the most often
observed influences. Because the normal method of collecting water levels is one measure-
ment per well, these fluctuations are not immediately apparent to the investigator.

Given the conditions described above, a typical round of ground water levels cannot be
validly interpreted as instantaneous data. Further, if the fluctuations are not uniform in
time and space, a truly instantaneous set of water level measurements can also fail to yield
good data for proper interpretation of ground water flow conditions. For the purposes of
most ground water investigations, short-term water level fluctuations—due to an inter-

! Environmental Resources Management, Inc., Exton, PA 19341.
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166 GROUND WATER AND VADOSE ZONE MONITORING

mittent pumping, tides, barometric pressure, or other environmental influences—are noise
in the water level data and must be filtered out for proper interpretation of ground water
flow conditions.

Discussion of influences on ground water levels—Iloading, barometric pressure, and tidal
influences—is found widely in the literature. Good summaries of influences on ground
water levels are given by McWhorter and Sunada [/} and Todd [2].

Purpose and Objectives

The intent of this paper is to present the implications of short-term fluctuations in
ground water levels, methods for monitoring for fluctuations, and a method to compensate
for (filter) those fluctuations. No attempt is made to explain the driving forces behind the
water level fluctuations. For illustrative purposes, one site that was investigated is
described. The difficulties encountered in interpreting ground water elevation data from
that site, the methods used to monitor water levels, evaluation of the water level data, and
the results of that evaluation are included in that description. The work described has been
applied at several sites, ranging from fractured bedrock to sand and gravel aquifers, and
the generalizations made in this paper are the results of that experience. The methods
described are generic and should provide data useful for evaluation of the ground water
flow conditions at any site. To the authors’ knowledge, this investigative method is not
currently applied as standard investigative practice.

Site Description

The study site is located in the Atlantic Coastal Plain Physiographic Province of south-
ern New Jersey. It is approximately one mile south of the Delaware River. The site covers
approximately 12.5 ha (31 acres) of former farmland (Fig. 1). It is bordered on the south
and east by a swamp and on the north by a former borrow pit which has been excavated
below the water table and is now a shallow lake. The swamp is bisected by a small stream.
On the west, the site is bordered by a fallow field. One mile (1.6 km) beyond this field is
an active sand and gravel pit. Approximately 3 000 000 L (800 000 gal) of ground water a
day are pumped for processing operations at this pit and discharged as wastewater to the
ground after use. An unknown amount of water is lost by evaporation during this process.

An active plant production well is located in the center of the site. Records indicate that
the pump cycles on and off as necessary during the day to fill a 19 000-L (5000-gal) holding
tank. The daily ground water production averages between 46 000 and 61 000 L (12 000
and 16 000 gal).

Site investigations to date have focused on the aquifer between the water table and a
thick and regionally continuous clay stratum, approximately 46 m (150 ft) below grade
(Fig. 2). The aquifer materials above the regional clay are sands and gravels with inter-
spersed lenses of clay. The clay lenses, although discontinuous, generally separate the aqui-
fer vertically into three definable levels: the shallow, intermediate, and deep levels. The
variation in water level elevation across the site in each aquifer level is small, usually less
than 0.3 m (1 ft).

There are 26 monitoring wells on, or in the immediate vicinity of, the site. Many of the
wells are located in nests of two or three. All of the monitoring wells are constructed of 5-
cm (2-in.)-diameter polyvinyl chloride (PVC) casing with 1.5 to 3.0-m (5 to 10-ft) lengths
of screen. The plant production well is finished in the intermediate aquifer level.
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Problem Description

Several rounds of ground water level data were collected during initial site investiga-
tions. The data were inconsistent in that ground water flow directions appeared to be dif-
ferent with each round of water level measurements collected. At least one data set com-
pletely defied any reasonable interpretation. In addition, the interpreted directions of flow
were incompatible with the ground water quality isopleth maps, which were derived from
repeated ground water sampling events and were consistent over time. In short, potentio-
metric surface maps generated from the water level data collected were of questionable
validity, and the direction of ground water flow beneath the site was not known.

It was hypothesized that the influence of local aquifer stresses, such as pumping from
the plant well, gravel pit, or municipal or agricultural wells, could cause fluctuations in
ground water levels in less time than that necessary to collect a round of water level mea-
surements. Such fluctuations in water levels, if of sufficient magnitude in relation to the
hydraulic gradient at the site, could cause the inconsistencies observed in the data.

Instrumentation

To monitor for short-term water level fluctuations, electronic water level recording
instrumentation was installed. In Situ Hermit SE-1000B electronic data loggers and In Situ
water level (pressure) transducers were selected for the monitoring program. One SE-1000B
can monitor two transducers. Pressure transducers [68.9 kPa (10 psi)] were installed in
selected wells and monitored by the data loggers. This system is capable of resolving water
level changes of 0.003 m (0.01 ft) with an accuracy of 0.5% (0.034 m (0.11 ft)) over its full
range, which is 0 to 7 m (0 to 23 ft) of water. The transducers are vented to the atmosphere,
so that water level fluctuations due to barometric pressure can be observed. Data from this
instrument are transferred directly to an IBM personal computer for graphing and numer-
ical evaluation.

Electronic water level recorders were chosen over Steven’s continuous water level
recording devices, primarily because the data loggers can transfer the collected data to a
computer for analysis and graphing. In addition, in the authors’ experiences, the data log-
gers have been more reliable, especially in small-diameter wells, where the floats of Stev-
en’s recorders often stick to the casing.

To minimize the possibility of vandalism and to protect the data loggers from wet
weather, the instruments were locked into 200-L (55-gal) drums, and the transducer cables
were fed out through the bung. Since the test was performed during hot summer temper-
atures, the drums were painted white to reduce thermal buildup.

Test 1
Monitoring Method Used in Test 1

In July 1986, the first extended water level test was conducted at the site. When planning
the test, it was necessary to determine how long the test should run, how often the water
levels should be measured, and what wells would provide the most useful information.

An eight-day test duration was selected so that a full work week and weekend could be
observed with a day of overlap. This duration spans a typical industrial production cycle,
which repeats weekly, pumping during the work week and off during nonworking hours
(weekends). A sampling interval of 15 min (96 per day) was selected. This interval was
small enough to resolve transient effects of the plant production well (which cycles on only
for approximately 30 min every 2 h), tidal effects, or other phenomena occurring in a 15-

Copyright by ASTM Int (all rights reserved), Mon Mar 26 11:51:48 EDT 2018
Downloaded/printed by
Karen Swanson (U.S. Environmental Protection Agency) pursuant to License Agreement. No further reproductions authorized.

ED_004625A_00113475-00170
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min or greater time frame. The data logger is capable of sampling intervals as frequent as
I min; however, in prior experiences, this resolution was not necessary and generated an
unwieldy, large data base.

The two well nests selected for water level monitoring are located on opposite sides of
the site (Fig. 1). One data logger was placed at each well nest, to monitor the intermediate
and deep wells in that nest. Those wells are screened in the intermediate and deep aquifer
levels, which appear to be hydraulically connected to the plant production well, which was
expected to be the single greatest influence on ground water levels at the site. The shallow
level of the aquifer appeared to be the most hydraulically isolated from the production
well. Therefore, since the intent of the investigation was to determine the maximum fluc-
tuations, monitoring of water levels in the shallow portion of the aquifer was not consid-
ered necessary.

Results of Test 1

The data collected during the first test indicated the significance of the pumping effects
from the plant production well. More surprisingly, because of the distance from the river,
the data showed tidal effects. Figures 3 and 4 are graphs of data collected in the interme-
diate and deep levels, respectively, at one well nest. For simplicity of presentation, only
the data from these two wells are presented, as they are generally representative of other
wells on the site. All wells monitored during this test showed tidal influence, but only the
intermediate-level wells showed the influence of the plant production well.

The effects of short-term pumping of the plant well were visible in the intermediate-level
well at “spikes” superimposed upon the sinusoidal curve from tidal effects (Fig. 3). The
pumping “spikes” were observed continuously during the work week, as the plant operates
24 h per day. When the plant shuts down on the weekend the spikes disappear (it is not a
100% shutdown).

In the deeper aquifer (Fig. 4), seven and one half full tidal cycles (1490 min per cycle)
are evident over the duration of the test {(each cycle consists of two highs and two lows).
However, the effects of the plant production well are not observed. The magnitude of the
tidal effects varied among the wells. Subsequent tests have demonstrated that the magni-
tude of the tidal effects decreases with distance from the lake.

Importance of the Results of Test |

The maximum water level fluctuations due only to tidal effects were approximately 0.12
m (0.4 ft). This change in water level occurred in approximately 6 h. During the time
required to collect a round of water level measurements, approximately 3 h, the water
levels could vary as much as 0.06 m (0.2 ft) as a result of tidal effects. The water level
fluctuations due to pumping by the plant production well were as large as 0.18 m (0.6 ft)
in a 15-min interval. Because the water levels were contoured at 0.06-m (0.2-ft) intervals,
these fluctuations are considered significant, and it is apparent that a round of water levels
collected over a 3-h period could not be interpreted as an instantaneous set of data.

A natural criterion for determining whether short-term fluctuations in water levels are
significant in the collection of water levels appears to be comparison with water level con-
tour intervals. As a rule of thumb, the authors consider any fluctuation greater than one
half of a contour interval to be an effect of significance, requiring consideration when col-
lecting and evaluating water level data. Water levels on the site had been contoured at an
interval of 0.06 m (0.2 ft), with a maximum change in water level elevation of less than
0.3 m (1 ft) across the site. Thus, tidal fluctuations at this site could influence the water
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FIG. 4—Well 6A—eight-day test results (deep level). (One foot equals 0.3048 metres.)

levels one full contour interval over a measurement event, while pumping of the plant well
changed water levels up to three contour intervals in 15 min.

Even at sites where the water level contour interval is much greater than the magnitude
of short-term water level fluctuations, these fluctuations can be a concern. Rapid changes
in water levels, especially those due to intermittent pumping, can interfere with data col-
lection during a pump test.

Planning Additional Water Level Studies

Review of the data collected in Test 1 demonstrated that the water level fluctuations
observed were uniform in neither time nor space. As a result, it was likely that a full round
of truly instantaneous water level measurements would show different directions of ground
water flow, depending on the time of day the water levels were collected. Ground water
would be discharging to the lake during low tide and gaining from the lake at high tide.
However, over the course of one tidal cycle, there must be either a net loss or gain of water.
Definition of the net flow conditions is necessary for evaluation of contaminant migration
in ground water. With that need in mind, the short-term fluctuations in water levels are
noise in the data set. To evaluate net flow conditions properly, this noise must be filtered
from the data.

The method selected to filter noise from the water level data was averaging of multiple
measurements, collected at uniform intervals, over one full tidal cycle. The major question
for planning additional investigation was, “How frequently should water levels be mea-
sured so as to provide a valid average water level?” All the wells could have been instru-
mented with electronic water level recorders; however, this would have been an expensive
solution. The following discussions will demonstrate that electronic water level recorders
are necessary only in those wells showing a transient influence of the plant production well.
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In wells with tidal influence only, water levels collected by hand at intervals of less than
300 min provide an average water level with the accuracy necessary for water level
contouring,

As tidal influence was the largest amplitude fluctuation in most wells, the duration of
one tidal cycle (1490 min) was selected as the averaging period. To generate an unbiased
average, the sampling interval should be an even interval of the tidal cycle (e.g., 5 or 10
min). However, the data in Test I were collected at 15-min intervals. Averaging 99 points
would cover 1485 min, 100 points 1500 min. Evaluation of the error introduced by sam-
pling at 15-min intervals demonstrated that the error introduced would be less than 0.001
m (0.0003 ft).

Evaluating the Error Associated with Sampling Frequency

Because of the large number of wells at the site it was not desirable to instrument every
well with electronic data recorders. The data collected in Test 1 were evaluated to deter-
mine the frequency of water level measurements necessary to find an average water level
during one tidal cycle with an acceptably small error associated with that average.

The data collected in Test 1 were loaded into an electronic spreadsheet, Lotus 123, and
were analyzed. Tables 1 and 2 are excerpts from the spreadsheets created. Table 1 lists data
from Fig. 3, an intermediate-level well which is influenced by intermittent pumping of the
plant production well. Table 2 lists data from Fig. 4, a deep well which is not influenced
by intermittent pumping of the plant production well.

The first and second columns of those tables are the elapsed test time and the water level
elevation as recorded by the data logger, respectively. Columns 3 through 6 are moving
averages of the water level data. Columns 7 through 9 are errors associated with the mov-
ing averages. The following discussion describes the calculated values in detail.

Average water levels values were calculated for several sampling frequencies: 15, 60, 135,
and 300 min (99-point, 25-point, 11-point, and S5-point averages, respectively). The for-
mula generated for each average was copied down each respective column in the spread-
sheet. This method of generating “running” averages within the data set is referred to as
moving averages. The electronic spreadsheet is perfectly suited for this task.

To determine the error associated with an average based on a limited number of data
points, the true average value is needed for comparison. It was assumed that the 99-point
moving average (Column 3) was the true moving average; that is, the values in column 3
would be identical to those generated if the sampling frequency had been infinitely small.

A 25-point moving average was generated, using data spaced 60 min apart (Column 4).
Next, the 25-point error, the difference between the 99-point and the 25-point moving aver-
age value at a given time was calculated (Column 7). Finally, the mean and standard devi-
ation of the error were calculated (at the bottom of the column). This was repeated for data
spaced 135 min and 5 h apart (11-point and 5-point averages, respectively).

For the deep well without the influence of transient pumping, the average of the errors
was less than 0.001 m (0.003 ft). The standard deviation of the error was less than 0.0015
m (0.005 ft) for all three averages (25-, 11-, and 5-point), and the largest error observed
was —0.0043 m (—0.014 ft). This magnitude of error was determined to be acceptable.
The criterion for an acceptable error was defined as follows: three standard deviations of
the error should be less than one quarter of a contour interval, that is, 0.015 m (0.05 ft) for
a 0.06-m (0.2-ft) contour interval. This criterion was more than sufficient and could be
achieved without difficulty because the deep well did not show measurable effects of the
intermittent pumping.

For the intermediate-level well, which was influenced by intermittent pumping, the
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176 GROUND WATER AND VADOSE ZONE MONITORING

results were much different. As the number of points in the average decreased, the standard
deviation of the error increased. None of the averages could meet the criterion previously
defined (except the 99-point average, which was defined to be exact).

In summary, the preceding discussion demonstrates that water levels in wells not
affected by the intermittent plant pumping could be measured by hand every 300 min or
less (as long as the measuring interval was a uniform increment of one tidal cycle, 1490
min) and averaged with acceptable accuracy. This could easily be accomplished by several
rounds of hand measurements. Wells showing effects of the plant well pumping had to be
measured more frequently than at 60-min intervals. This could not be done practically by
hand and required that those wells be instrumented with electronic water level recorders.

Test 2
Method Used in Test 2

The purpose of the second test was to collect multiple water level measurements from
each on-site monitoring well so that average potentiometric surface maps could be con-
structed for each aquifer level.

This second water level test was run for 26 h. The water levels were measured in all
wells, either by hand at 115-min intervals or by using an electronic water level recorder.
The measurements collected at each monitoring well were arithmetically averaged and
used to construct an average potentiometric surface map for each aquifer level. The water
levels in the lake and the swamp were also monitored during the test.

Six monitoring wells, those closest to the plant production well, were monitored with
pressure transducers. The water levels in the remaining 20 wells, the lake, and the swamp
were measured by hand. As in the first test, the data loggers recorded at 15-min intervals.
The task of measuring the water levels in the remaining 20 wells, the lake, and the stream
was split between six persons in three shifts (two to a shift). In this manner, one round of
water level measurements could be completed in approximately 1 h.

Results of Test 2

Data collected for all wells during the second test confirmed the presence of tidal fluc-
tuations in most of the site wells. No significant tidal fluctuations were evident in the shal-
low-level wells. The water level variations in the 26 wells monitored ranged from 0.02 to
0.21 m (0.07 to 0.71 ft) over the 26-h period. The water level elevation variations in the
lake and stream over the same period were 0.37 m and 0.25 m (1.21 ft and 0.81 ft), respec-
tively. Tidal fluctuations in the lake and stream were approximately in phase with the fluc-
tuations in the monitoring wells.

The potentiometric surface maps prepared for each aquifer level, using the averaged
water level elevations, provided ground water flow patterns consistent with the distribu-
tion of contaminants at the site. The maps showed that the variations in water level across
the site were relatively small: 0.32 m (1.06 ft) in the shallow level, 0.08 m (0.25 ft) in the
intermediate level, and 0.17 m (0.54 ft) in the deep level. The short-term fluctuation in
water levels observed in the 15-min measurements often exceeded the total water level
variation across the site for the intermediate and deep aquifer levels. This, and the fact
that the amplitude of the fluctuations varied in time and with the location, explains why
the maps constructed previously from a single round of measurements were difficult to
interpret and inconsistent with the established contaminant migration patterns at the site.
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Conclusions

Fluctuations in ground water levels, occurring in a time period shorter than that neces-
sary to collect one round of water levels, may invalidate the assumption that the round of
water levels was collected instantaneously. However, without long-term (24-h or more)
monitoring of ground water levels in one or more wells, as described herein, the investi-
gator may be unaware of these short-term fluctuations. Routine monitoring of ground
water levels with electronic water level recorders has proved to be invaluable at several
sites in detecting, and subsequently compensating for, such fluctuations. The data collected
with electronic recorders not only document fluctuations in ground water levels, but may
also aid in associating water level fluctuations with a source or sources (e.g., ground water
pumping and tides).

Summary

In the case history described, ambient fluctuations in ground water levels were large
enough and rapid enough that a round of water level measurements, collected in the nor-
mal fashion, provided data that were inconsistent with the contaminant migration patterns
observed at the site. However, collection of water levels at regular intervals, both electron-
ically and by hand, allowed compensation for tidal and pumping effects and enabled an
evaluation of the net ground water flow conditions at the site t0 be made.

Use of electronic water level recorders 1s recommended as a diagnostic tool in ground
water investigations, particularly in those areas having low hydraulic gradients. Further-
more, electronic instruments offer the flexibility of programmable data collection intervals,
extended duration monitoring, direct data transfer to the computer, and high reliability.
Besides the site investigation described, data loggers have been used by the authors at sev-
eral other sites. In each case, the method has detected disturbances caused by previously
unknown influences. Monitoring ambient water levels can enable investigators to evaluate
the ground water system better, to compensate for short-term water level fluctuations, and
to plan future investigations. Monitoring for fluctuations in ground water levels during any
investigation of ground water contamination should be considered good engineering
practice.

References

[1] McWhorter, D. B. and Sunada, D. K., Ground-Water Hydrogeology and Hydraulics, Water
Resources Publications, Fort Collins, CO, 1977.
[2] Todd, D. K., Groundwater Hydrology, 2nd ed., Wiley, New York, 1988.

Copyright by ASTM Int (all rights reserved), Mon Mar 26 11:51:48 EDT 2018
Downloaded/printed by
Karen Swanson (U.S. Environmental Protection Agency) pursuant to License Agreement. No further reproductions authorized.

ED_004625A_00113475-00178



H. Randy Sweet,' Gerritt Rosenthal,* and Dorothy F. Atwood®

Water Level Monitoring—Achievable Accuracy
and Precision

REFERENCE: Sweet, H. R, Rosenthal, G., and Atwood, D. F., “Water Level Monitoring—
Achievable Accuracy and Precision,” Ground Water and Vadose Zone Monitoring, ASTM
STP 1053, D. M. Nielsen and A. 1. Johnson, Eds., American Society for Testing and Mate-
rials, Philadelphia, 1990, pp. 178-192.

ABSTRACT: Measurement of the depth to ground water is a basic element in all hydrogeo-
logic investigations providing data for gradient, flow direction, seepage velocity, and aquifer
constant calculations.

The U.S. Environmental Protection Agency (EPA) Technical Enforcement Guidance Doc-
ument (TEGD) specifies a measurement accuracy goal of +0.01 ft for Resource Conservation
and Recovery Act (RCRA) facilities. This accuracy goal may be unrealistic, since measure-
ments are limited by their precision, and both accuracy and precision are affected by random
and systematic sources of error and uncertainty.

Random precision uncertainties include instrument sensitivities, the measuring point loca-
tion, and operator technique. Random accuracy problems include short-term climatic effects
(precipitation, temperature, barometric pressure) and instrument calibration. Experience has
demonstrated that these accumulated uncertainties range from +0.02 to £0.20 ft.

Systematic errors are both anthropogenic and site related and include surveying accuracy,
well deviation from vertical, instrument deterioration (e.g., cable stretching), and special site
problems (multiphasic liquids, high gas pressures, foaming, and other problems).

These errors may increase inaccuracy or make readings highly variable. The cumulative
uncertainty from both random and systematic error sources is £0.10 to £0.30 ft for a “pris-
tine” shallow, unconfined aquifer, while for difficult installations or where anthropogenic fac-
tors are not well controlled, the accumulated error may be several feet.

This paper describes sources of error and uncertainty and reports on several practical
experiments to quantify the uncertainty in water table measurements. The importance of
understanding these sources in setting accuracy goals is stressed.

KEY WORDS: ground water, conductive probes, water level indicators, transducers, data
loggers, measurement accuracy, precision, error

Measurement of the depth to ground water is the most basic element in all hydrogeologic
investigations. These measurements provide the foundation for essentially all interpreta-
tions, calculated constants, and projections with respect to aquifer properties such as trans-
missivity and storativity. When coupled with a common surveyed datum, the short-term
response measurements provide a basis for gradient, flow direction, and seepage velocity
determination. Measurements between shallow and deep systems provide a basis for inter-
pretation of vertical potential gradients and the definition of regional, intermediate, and
local flow systems. Long-term ground-water measurement data are a key tool in regional
or basin management projects.
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Accuracy goals must be set early in the design of an investigation project, and the efficacy
of these goals must be considered in light of the project precision capabilities. The U.S.
Environmental Protection Agency (EPA) Technical Enforcement Guidance Document
(TEGD) published in 1986, specifies a measurement accuracy of +0.01 ft for Resource
Conservation and Recovery Act (RCRA) facilities. Specifying an accuracy of measure-
ment, without considering overall data-base needs, measurement precision, or random and
systematic sources of error or uncertainty, fails to meet the first tenet of scientific experi-
mentation. The objectives of this paper are to describe sources of error and uncertainty
and to provide specific information on the limits to precision and accuracy in ground-water
level measurements.

Error

When a unit is measured with the greatest exactness that the available instruments and
measurement method can provide, and with the greatest care and skill an individual can
exercise, the results of successive measurements will still differ among themselves. The
error of a measurement is the difference between the observed or measured value and the
“true value” for that measurement. Not all, and perhaps none, of the values obtained are
“correct” within the limits of measurement precision. Therefore, the average value of a
series of measurements is generally accepted as the most probable estimate of the “true
value.”

The related terms of accuracy and precision, which are sometimes used interchangeably
and therefore incorrectly, must also be defined with respect to error. Accuracy is defined
as the error of a measurement, or the deviation from the true value. Precision relates to
the reproducibility and number of significant figures of these measurements.

Error is generally expressed as “relative error” and presented as a percentage value. The
accuracy of a measurement is given by stating the relative error. A standard method for
estimating the “true value” is to calculate the arithmetic mean of a large number of mea-
surements. The magnitude of the deviations of a series of measurements from the average
is a measure of the precision of the measuring instrument.

It is evident then that accuracy expresses the correctness of a measurement, and preci-
sion the reproducibility of a measurement. Accuracy without precision is obviously impos-
sible, but precision by no means implies accuracy. Precision, and consequently accuracy,
are affected by both random and systematic sources of error and uncertainty.

Sources of Error and Uncertainty
Egquipment

Random precision uncertainties result from instrument sensitivities, measuring point
location, and operator technique. A wide range of instruments has been used over the past
one hundred years in measuring the depth to water. Frank Riley, of the U.S. Geological
Survey (USGS) at Menlo Park, California [ 1], shared his thoughts on water level measure-
ment technique evolution during the 36 years he has been working for the Water Resources
Division of the USGS. He has noted that an industry, as well as USGS, standard for water
level measurements is the chalked steel tape. Standard accuracy for the steel tape method
is considered by the USGS to be +0.01 ft. The best precision for repeatability is +0.005
ft. The most serious problems encountered are kinking and pump line or casing wall con-
densate obscuring the chalk line. Precision of the steel tape is affected by both temperature
and tension. Most surveying technique handbooks describe temperature and tension cor-
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rections. A 100-ft tape reportedly stretches 0.1 ft over a temperature range of 0 to 100°F.
The tapes are typically scaled to be accurate at 70°F.

Electric well probes (also called conductive probes or water level indicators) are perhaps
the most common instrument used in measuring the depth to water. Literature provided
by several manufacturers of well sounding devices (water level indicators, well probes, elec-
tric well probes, dip meters, and M-Scopes)* was reviewed. The manufacturers evaluated
in this review include the following: Slope Indicator Co. (SINCO), Powers Electric Prod-
ucts Co. (M-Scope), Fisher Division—Underground Detection Instruments, UJ.O.P. John-
son (Watermarker), and Actat Corp. (Olympic well probe), among others.

None of the product literature reviewed identified a specific level of precision, but they
all stated that their devices would allow “accurate” water level measurements. The product
literature reviewed made no mention of wire or cable stretch due either to cable weight or
temperature change. One manufacturer (Fisher) referred to a tensile strength of “approxi-
mately 300 pounds” while others refer to an unspecified “high strength™ or “high tensile
strength” for the cable used.

Individuals at Actat and SINCO referred to “as manufactured” accuracy and cable
stretch. Both manufacturers use coaxial cable with a copper-clad, steel center wire. Both
feel that the solid steel wire minimizes stretch. Actat claims an accuracy of +0.5% when
manufactured, but suggests that the actual accuracy is better than +0.1% error.

SINCO reports an error tolerance of % in. in 50 ft (0.04%). They have found that their
cable markings are accurate to approximately 0.1 ft in 500 fi (0.02%). The cable weight,
with no estimate of thermal effects or additional weight applied, reportedly results in a
stretch of 0.02%.

Operators

In order to factor the random operator error into the electric water level indicator data
base, an experiment was developed which allowed 26 operators using four different instru-
ments to make a series of measurements (V) at two monitoring wells with a combined total
of N = 62 at Site A and N = 28 at Site B.

At Location A, two relatively new 100-ft Actat (Nos. 1 and 2) water level indicators were
used. All measurements were taken by professional geologists with graduate degrees and
experience levels ranging from <1 to >20 years. At Location B, the water level measure-
ments were taken using a 100-ft SINCO sounder (No. 1) and a 700-ft SINCO probe and
wire connected to an Olympic instrument (No. 2). The graduate geologists conducting the
measurements at Location B had experience levels ranging from <1 to >5 years. A trans-
ducer/data logger setup was installed in the borehole at both sites for continuous measure-
ment of relative water levels throughout the experiments. A statistical evaluation of the
data from Locations A and B indicated that uncertainty (as measured by the standard devi-
ation from average) varied from +0.17 to 0.45% for each meter series, and that the site
uncertainty, comparing averages for each meter, ranged from 0 to 0.63%. Comparison of
manual and transducer data produced a 0.02-ft (0.21%) discrepancy in values at Site A.
The transducers measured water table variations of approximately 0.2% in 100 min for
Site A (see Fig. 1) and nearly 1% (0.98%) at Site B. In both cases, the calculations screened
out obviously erroneous data (> 10 standard deviations from the mean).

The transducer measurements were made using a 10-psi transducer (Hermit Model
1000B) with a nominal accuracy level (Hermit Environmental Data Logger Owners’ Man-

4 The M-Scope is a trademark of the Powers Electric Products Co.
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